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The f l a t a t i c n  c h a r a c t e r i s t i c s  o f  a ' n g l e s i t e  end c e r u s s i t e  
mere i n v e s t i g a t e d  w i t h  s u l f h y d r e l  and o x h y d r y l  c o l l e c t o r s .  
C h s m i s o r p t i c n  o f  b o th  o f  t h e s e  c o l l e c t o r  t y p e s  i s  shown t o  o c c u r , 
b u t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  e t h y l  x a n t h a t e  a re  r e q u i r e d  
f o r  f l o t a t i o n .  T h i s  phenomenon may be r e l a t e d  to  r e l a t i v e l y  
weak b o n d in g  be tween  s u r f a c e  i o n s ,  w h ic h  c o u l d  r e s u l t  i n  b r e a k ­
i n g  -away o f  the  l e a d - c o H e c t o r  s a l t  f r o m  th e  s u r f a c e  as i t  
f o r m s .  F l o t a t i o n  o c c u r s  w i t h  - o l e a t e  a t  l o w  c o n c e n t r a t i o n s ; i n  
t h i s  c a s e , t h e  c o l l e c t o r  i s  p r o b a b l y  h e l d  a t  t h e  s u r f a c e  b o th  
by b o n d i n g  a t  t h e  s u r f a c e  s i t e s  on t h e  m i n e r a l  and h y d r o c a r b o n
j
c h a i n  a s s o c i a t i o n .
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, I  (M TRlj D U C TIG Pv
The mechan isms o f  f l o t a t i o n  o f  t h e  p r i n c i p l e  o x i d e  l e a d  
m i n e r a l s ,  a n g l e s i t e  and c e r u s s i t e ,  have lon.g been t h e  s u b j e c t  o f  
c o n s i d e r a b l e  c o n j e c t u r e  and i n v e s t i g a t i o n .  H ow ever ,  l i t t l e  
u n d e r s t a n d i n g  o f  t h e  s y s te m  has  r e s u l t e d ,  and i t  i s  hoped'  t h a t  
t h i s  w o rk  w i l l  p l a y  seme p a r t  i n  c o r r e c t i n g  t h i s  d e f i c i e n c y .
S t s tem en t  o f  P r ob lem
Two methods-, o f  f l o a t i n g  t h e s e  m i n e r a l s  a re  u s ed :
( 1 )  F a t t y  a c i d  f l o t a t i o n  u s i n g  a l o n g  c h a i n  f a t t y  a c i d ,  o f t e n
i n  c o n j u c t i o n  w i t h  a n e u t r a l  o i l .  I n  t h i s  case i t  i s  p o s s i b l e
- t h a t  t h e  mechan ism i s  t h e  e xchan ge  r e a c t i o n ,
PbSO, + 2R.C00~ = Pb(OOC.R) n + SO 
H Z k
where  R r e p r e s e n t s  t h e  h y d r o c a r b o n  c h a i n .  liJhen t h i s  p r o c e s s  
i s  a p p l i e d  t o  a n - o r s  i t  i s  n o t  v e r y  s a t i s f a c t o r y  because  o f  
p o o r  s e l e c t i v i t y .  I t  i s  p r o b a b l e  t h a t  t h e  r e l a t i v e l y  n i g h  
s o l u b i l i t i e s  o f  t h e  o x i d e  l e a d  m i n e r a l s  (Hsp PbCO^, 10
•jn pc1 o*
l isp PbSQ^, 10 A p p e n d ix  1 )  r e s u l t  i n  Pb T i o n  a c t i v a t i o n
o f  t h e  gangue c o n s t i t u a n t s .
( 2 )  S u l f i ' d i z a t i o n  f o l l o w e d  by x a n t h a t e  f l o t a t i o n .  T h i s  i s  t h e
1
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p r o c e s s  m os t  o f t e n  used  s i n c e  i t  i s  much more s e l e c t i v e .  The 
r e a c t i o n  mechan ism a t  t h e  s u r f a c e  may be r e p r e s e n t e d  by th e  
e q u a t i o n s :
S u l f i d i z a t i o n :
PbSO. +' S2 ~ = PbS + SO,2 "A A
O x i d a t i o n  o f  t h e  s u l f i d e  s u r f a c e :
PbS + 2 0 r  -  PbSO.
b a q )  ^
C o l l e c t o r  a d s o r p t i o n :
PbSO^ + 2EX“  = Pb(EX) + SO2 "  (EX~ = e t h y l  x a n t h a t e  i o n )  
The o x i d a t i o n  o f  t h e . s u r f a c e  a f t e r  s u l f i d i z a t i o n  i s  n e c e s s a r y  
because  o f  t h e  much h i g h e r  s t a b i l i t y  o f  PbS compared  to  t h a t  o f  
PbCEX)^ ,  n e c e s s i t a t i n g  c o n v e r s i o n  o f  PbS t o  t h e  s u l f a t e  b e f o r e  
x a n t h a t e  i o n s  m i l l  a d s o r b  on t h e  s u r f a c e  (See A p p e n d i x  2 ) .  
A l t h o u g h  t h e  o x i d i z e d  s u r f a c e  compound i s  r e p r e s e n t e d  h e r e  as 
PbSO^, i t  i s  p o s s i b l y  PbS^O^,  as has been i n d i c a t e d  i n  s t u d i e s  
w i t h  g a l e n a  by M e l l g r e n . ^ ~ ^  W i t h o u t  s - u l f i d i z a t i o n ' v e r y  h i g h  
x a n t h a t e  c o n c e n t r a t i o n s  a re  r e q u i r e d  f o r  good m i n e r a l  r e c o v e r y .
One f u r t h e r  p o i n t  o f  i n t e r e s t  i n  t h e  f l o t a t i o n  o f  t h e  o x i d e  
l e a d  o r e s  i s  t h a t ,  i n  g e n e r a l ,  c e r u s s i t e  f l o a t s  b e t t e r  t h a n  
a n g l e s i t e .
Q u e s t i o n s  t h a t  a r i s e  f r o m  t h e s e  f a c t s  a r e :
( 1 )  Why i s  t h e  c o n c e n t r a t i o n  o f  f a t t y  a c i d  t h a t  i s  r e q u i r e d  to  
f l o a t  t h e s e  m i n e r a l s  l o w e r  t h a n  t h a t  when x a n t h a t e  i s  used  
( w i t h o u t  p r i o r  s u l f i d i z a t i o n )?
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( 2 )  .Why da t h e  m i n e r a l s  r e q u i r e  such h i g h  x a n t h a t e  c o n c e n t r a ­
t i o n s  f o r  f l o t a t i o n  when no s u l f i d i z a t i o n  i s  em p loyed?
( 3 )  Why does c e r u s s i t e  f l o a t  b e t t e r  t h a n  a n g l e s i t e ?
L i t er a t u r e  Su r v ey
A s u r v e y  o f  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e  q u e s t i o n s  
i n d i c a t e s :
( 1 )  F a t t y  a c i d  c f .  x a n t h a t e  f l o t a t i o n .
The r e a s o n  f o r  t h e  c o n s i d e r a b l y  l o w e r  c o l l e c t o r  c o n c e n t r a ­
t i o n  r e q u i r e d  f o r  f l o t a t i o n  w i t h  o l e a t e  as compared  t o  x a n t h a t e  
may be b ecau se  t h e  o l e a t e  h y d r o c a r b o n  c h a i n  i s  l o n g e r  t h a n  t h a t  
o f  e t h y l  x a n t h a t e ,  t h e r e b y  i m p a r t i n g  more h y d r o p h o b i c i t y  f o r  t h e  
same a d s o r p t i o n  p e r  u n i t  a r e a .  I t  c o u l d  a l s o  p e r h a p s  be a t t r i b ­
u t e d  t o  p h y s i c a l  a d s o r p t i o n  o f  o l e a t e  o c c u r i n g  i n  c o n j u n c t i o n  w i th -
(2 )
c h e m i c a l  a d s o r p t i o n  as has been d e m o n s t ra te d ,  by E ig s l e ' s  ' i n  t h e  
.case o f  f l u o r i t e ,  c a l c i t e ,  and b a r i t e .
( 2 )  Poor  f l o t a t i o n  w i t h  x a n t h a t e .
T h i s . p r o b l e m  has been e x t e n s i v e l y  d i s c u s s e d  by many w o r k e r s  
i n  t h e  m i n e r a l  p r o c e s s i n g  f i e l d  and i t  i s  t h i s  p a r t i c u l a r  
p r o b l e m  t h a t  i s  t h e  p r i m a r y  c o n c e r n  o f  t h i s  t h e s i s .  The n e c e s ­
s i t y  f o r  t h e  s u l f i d i z a t i o n  o f  t h e  s u r f a c e  and t h e n  o x i d i z i n g  i t
a g a i n  has been a t t r i b u t e d  t o  many c a u s e s .
( 3 )T a g g a r t  w r i t i n g  g e n e r a l l y  on s u l f i d i z a t i o n  s t a t e s ,
" S u l f i d e  i o n ,  n o r m a l l y  added i n  t h e  fo rm  o f  sod ium  s u l f i d e ,  i s  
used  p r i n c i p a l l y  i n  f l o t a t i o n  o f  o x i d i z e d  m e t a l l i f e r o u s  o r e s .
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I t s  f u n c t i o n  i n  such  s e r v i c e  i s  to  p r e v e n t  w a s t e f u l  and i n e f f e c t i v e  
m u l t i - c o s t i n g  by ' c o l l e c t o r s ; i t  does t h i s  by f i r s t  p r o d u c i n g  a 
s u l f i d e  c o a t i n g  and t h e n  r e t a r d i n g  o x i d a t i o n  s u f f i c i e n t l y  so 
t h a t  t h e  s u b s e q u e n t  c o l l e c t o r  c o a t i n g  I s  s u b s t a n t i a l l y  a mono-
f i l m 5 l i k e - o r i e n t e d  and e f f e c t i v e . 1'
0 0Luyke n  and B i e r b r a u e r  ' p o s t u l a t e  t e a t  t h e  f u n c t i o n  o f  t h e  
s u l f i d e  i o n  i n  t h e  f l o t a t i o n  o f  c e r u s s i t e  and a n g l e s i t e  i s  t o  
d e c r e a s e  t h e ' c o n c e n t r a t i o n  o f  m e t a l l i c  i o n s  i n  an i o n i c  c l o u d -  
s u r r o u n d i n g  t h e  r e l a t i v e l y  s o l u b l e  s u r f a c e s ,  t h i s  c l o u d  o t h e r w i s e  
p r e c i p i t a t i n g  d i f f u s i n g  c o l l e c t o r  i o n s  and t h u s  p r e v e n t i n g  a c c e s s  *
t o  t h e  - m e t a l l i c  i o n s  a n c h o r e d  i n  t h e  s o l i d .
( 5 )
S n o r s h e r  has shown e x p e r i m e n t a l l y  t h a t  c e r u s s i t e  t r e a t ­
ed w i t h  h a 0S s o l u t i o n  can be f l o a t e d  w i t h o u t  c o l l e c t o r *  T h i s  
w o u ld . s e e m  to  i n d i c a t e  t h a t  t h e  s u l f i d e  s u r f a c e  i m p a r t s  a 
c e r t a i n  h y d r o p h o b i c i t y  t o  t h e  s u r f a c e ,  d e c r e a s i n g  t h e  c o l l e c t o r  
c o n c e n t r a t i o n  r e q u i r e d .  I n  t h e  same s t u d y  Sho-rsher p r e s e n t e d  
e v i d e n c e  o f  t h e  l o w  t e n a c i t y  b e tw een  th e  l e a d  x a n t h a t e  f i l m  
and t h e  m i n e r a l  where  no p r e v i o u s  s u l f i d i z a t i o n  s t e p  was e m p lo y e d .  
He s t a t e s ,  “-uJi th i n c r e a s e d  a d d i t i o n s  o f  e t h y l  x a n t h a t e  ( o f  t h e  
o r d e r  o f  5 - 1 0  m o le s  p e r  t o n )  f l o t a t i o n  was c o m p l e t e l y  a b s e n t  
even th o u g h  i t  was p o s s i b l e  t o  o b s e r v e  f i l m ' s  o f  lea d -  x a n t h a t e  
fo r m e d  as a r e s u l t  o f  t h e  r e a c t i o n  be tween  x a n t h a t e  i o n s  on t h e  
c e r u s s i t e .  These were  i m m e d i a t e l y  s e p a r a t e d ' and no f l o t a t i o n  
was o b s e r v e d . "
T - l I G b
( 6 )
M i t r o f a n o v  ' e t  a l  have done work  w i t h  c e r u s s i t e  t h a t  
s h o w s - t h a t  p r e l i m i n a r y  s u l f i d i z a t i o n  i n c r e a s e s  t h e  amount  o f  
x a n t h a t e  a d s o r b i n g  on c e r u s s i . t s  and i n c r e a s e s ,  t h e  r a t e  o f  •ad­
s o r p t i o n  .
( 7 )
Gaur im t h e o r i z e s  t h a t  l e s s  r e a g e n t  is ,  r e q u i r e d  f o r  
g a l e n a  as compared  t o  t h a t  f o r  t h e  l e a d  o x i d e  m i n e r a l s  as f o l l o w s :  
.'’ These d i f f e r e n c e s  may i n  p a r t  be t r a c e d  to .  t h e  g r e a t e r  s p e c i f i c  
s u r f a c e  o f  m i c r o c r y s t a l l i n e  o x i d i z e d  m i n e r a l s .  Bu t  i t  seems, 
a l s o , ,  t o  stem f r o m  d i f f e r e n c e s  o f  k i n d  r a t h e r ,  t h a n  d e g r e e .
Thus i o n s  g i v e n  up by s u l f i d e  m i n e r a l s  i n  e xchange  f o r  c o l l e c t o r  
i o n s  a re  n o t  p a r t  o f  t h e  m i n e r a l  l a t t i c e ,  w h i l e  t r ie  r e v e r s e  i s  
t h e  case w i t h  a n g l e s i t e  and c e r u s s i t e .  The p a r t i t i o n  e q u i l i ­
b r i a  i n  t h e  case  o f  o x i d i z e d  m i n e r a l s  may t h e r e f o r e '  be sin i f  t e d  
g r e a t l y  f r o m  where  t h e y  o c c u r  w i t h  s u l f i d e s .  The s p a c i n g  o f  
a d s o r p t i o n  s i t e s  on o x i d i z e d  m i n e r a l s  i s  d i f f e r e n t  (an d  g e n e r a l l y  
l o o s e r : because  o f  t h e  l a r g e  s i z e  o f  o x y g e n - b e a r i n g  i o n s ) ,  so t h a t  
even whan an e q u a l l y  dense c o a t i n g ' i s  o b t a i n e d ,  when r e c k o n e d  
on t h e  b a s i s  o f  s i t e s  a v a i l a b l e ,  t h i s  i s  a r e a l l y  l e s s  c o m p le te  
c o a t i n g  f ro rn  t h e  s t a n d p o i n t  o f  j u x t a p o s i t i o n  o f  h y d r o c a r b o n  
c h a i n s .  F i n a l l y ,  t h e  v e r y  l o o s e n e s s  o f  r e a g e n t  c o a t i n g  on 
o x y g e n a t e d  m i n e r a l s  may p e r m i t  o f  r e a d y  r e c r y s t a l l i z a t i o n  o f
c o a t i n g s  w i t h  f o r m a t i o n  o f  a p a t c h w o r k  o f  t h i c k  o v e r g r o w t h s
a l t e r n a t i n g  w i t h  b a r r e n  a r e a s . "
( 3 )  B e t t e r  f l o t a t i o n  o f  c e r u s s i t e  than  o f  a n g l e s i t e . .
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H a h n ^ ' 5 m e n t i o n s  i n  an e a r l y  p a p e r  (192G) t h a t  t h e  r e l a t i v e
f l o a t a b i l i t y  o f  t h e  o x i d e  l e a d  m i n e r a l s  i s  c e r u s s i t e  f o l l o w e d
b y a n g l e s i t e .
(9 )T a g g a r t -  makes t h e  same s t a t e m e n t  and s u g g e s t s  t h e  r e a s o n  
f o r  t h i s  i s  t h e  h i g h e r  s o l u b i l i t y  o f  a n g l e s i t e  compared  to  
c e r u s s i t e .
( 1 0 )liJark and Cox ~ J have p r e s e n t e d  d a t a  on -the c o n c e n t r a t i o n  
o f  e t h y l  x a n t h a t e  n e c e s s a r y  t o  i n d u c e  a i r - m i n e r a l  c o n t a c t  a t  
a n g l e s i t e  and c e r u s s i t e  s u r f a c e s  o v e r  a r a n g e  o f  pH v a l u e s  f r o m  
5 t o  1 2 .  The r e s u l t s  ( F i g u r e  1 )  show t h a t  t h e  c o l l e c t o r  c o n ­
c e n t r a t i o n  r e q u i r e d  t o  i n d u c e  c o n t a c t  w i t h  a n g l e s i t e  i s  g r e a t e r  
t h a n  t h a t  f o r  c e r u s s i t e  up t o  pH 9 , 3  and a t  h i g h e r  pH v a l u e s  
t h e  c o n c e n t r a t i o n  t o  i n d u c e  c o n t a c t  w i t h  c e r u s s i t e  r i s e s  
s h a r p l y ,  w h i l e  w i t h  a n g l e s i t e  t h e  c o l l e c t o r  c o n c e n t r a t i o n  r e ­
q u i r e d  d e c r e a s e s  f r o m  pH 9 to  pH 1 1 . 5 ,  r i s i n g  s t e e p l y  t h e r e a f t e r .  
O u t l i n e ,  o f  I n v e s t i g a t i o n
The f l o t a t i o n  c h a r a c t e r i s t i c s  o f  u n s u l f i d i z e d  a n g l e s i t e  
and c e r u s s i t e  were d e t e r m i n e d  u s i n g  e t h y l  x a n t h a t e ' , '  o l e a t e ,  
o c t a n o a t e  and d i e t h y l d i t h i o p h o s p h a t e  as c o l l e c t o r s .  The f l o t a t i o n  
c h a r a c t e r i s t i c s  o f  m a l a c h i t e  w i t h  e t h y l  x a n t h a t e  were a l s o  
d e t e r m i n e d  as a c o r o l l a r y  t o  t h e  s t u d y .  The z e r o - p o i n t - o f -  
c h a r g e  ( z p c )  o f  c e r u s s i t e  was d e t e r m i n e d  w i t h  a Z e ta  M e t e r .
A t o m i c  p o s i t i o n s  i n  t h e  u n i t  c e l l s  were  p l o t t e d  and t h e  m e t a l -  
a n i o n  b a n d i n g  o f  l e a d  and c o p p e r  s u l f i d e  m i n e r a l s  as compared  
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MATERIALS
The f o l l o w i n g  d a te  p e r t a i n s  t o  m a t e r i a l s  used  i n  t h i s  
i n v e s t i g a t i o n .
511 n e r e i s
Pure  m i n e r a l s  were  p u r c h a s e d  f r o m  M i n e r a l s  U n l i m i t e d ,  
B e r k e l e y , C a l i f o r n i a .  The o r i g i n a l  s o u r c e s  o f  t h e  m i n e r a l s  a re  
l i s t e d  b e lo w :
( 1 )  A n g l e s i t e
( i )  f r o m  t h e  G lo v e  M in e ,  Amado, A r i z o n a .
( i i )  f r o m  D a r w i n ,  C a l i f o r n i a .
The two v a r i e t i e s  o f  a n g l e s i t e  a re  r e f e r r e d  to  as ex ; ?
C a l i f o r n i a  o r  sx  A r i z o n a  i n  t h e  t e x t  and f i g u r e s .
( 2 )  C e r u s s i t e  f rom  H e l l o g ,  I d a h o .
( 3 )  Mi a 1 a c h i  t  s f r o m  K a t  a n g a , Repu c 1 i  c o f  C o n g □ .
Sampi e  P r e p ar a t i o n
The sa m p le s  were  p r e p a r e d  f o r  use by f i r s t  h a n d - c r u s h i n g  
to  a b o u t  m inu s  / 5 - i n . ,  r e m o v in g  p a r t i c l e s  o f  p o o r  q u a l i t y ,  and 
t h e n  g r i n d i n g  t h e  p u r e  m i n e r a l  i n  a p o r c e l a i n  m o r t a r  and p e s t l e  
to  - 1 0 0  mesh.  P a r t i c l e s  o f  - 2 7 0  mesh ware s c r e e n e d  from, t h e ' 
m a t e r i b 1,  and t h e  c o a r s e  p r o d u c t  u;as used  f o r  f 1o b a t i o n  e x -
8
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p e r i m e n t o .  The f i n e  m a t e r i a l  was used  f o r  m i n e r a l  x - r a y  a n a l y s e s .
S c re e n  s i z e s  used r e f e r  t o  t h e  T y l e r  s t a n d a r d  s e r i e s .
R e a g e n t s
C o l l e c t o r ■r e a g e n t s  used w e re :
( 1 )  F o t a s s i u m  e t h y l  x a n t h a t e  w h ic h  was p r e p a r e d  and p u r i f i e d  by
(11 'i
t h e  me thod  d e s c r i b e d  by F o s t e r
( 2 )  D i e t h y l d i t h i o p h o s p h o r i c  a c i d  w h ic h  was s u p p l i e d  by t h e  
Amer ican.  Cyanamid  Company.
(3). O c t a n o i c  a c i d  w h ic h  was s u p p l i e d  by t h e  H a rm e l  I n s t i t u t e .
( f )  P o t a s s iu m  o l e a t e  w h ic h  was p r e p a r e d  and p u r i f i e d  by t h e
m e thod  d e s c r i b e d  by G r i g n a r d ,  Dupont- and L o q u i n ^  • .
M o d i f i e r s  used  w e re :
( 1 )  Sodium c a r b o n a t e
( a n a l y t i c a l  r e a g e n t  g r a d e )  -* ■
( 2 )  Sod ium s u l f a t e
The f r o t h e r  used  was a 1 p a r t  i n  20 by vo lu m e  aqueous 
s o l u t i o n  o f  h i g h  p u r i t y  D o w f r o t h  250 s u p p l i e d  by t h e  Dow C h e m ic a l  
Company.
pH C o n t r o l  r e a g e n t s  w e re :
( 1 )  H y d r o c h l o r i c  a c i d
( a n a l y t i c a l  r e a g e n t  g r a d e )
( 2 )  P o t a s s iu m  h y d r o x i d e  .
The gas used  f o r  f l o t a t i o n  was h i c n  p u p i t y  d ry  n i t r o g e n  
w h ic h  was s u p p l i e d  by t h e  L i n d e  Company. The gas was t r e a t e d  by 
p a s s i n g  i t  t h r o u g h  a c a r b o n  d i o x i d e  a b s o r b i n g  compound,  A s c a r i t e ,  
( s u p p l i e d  by t h e  A r t h u r  D... Thomas Company) and t h e n  t h r o u g h
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w a t e r  t o  s a t u r a t e  t h e  gas w i t h  w a t e r  v a p o r  and remove  anv 
A s c a r i t s  d u s t *
W ater
The w a t e r  used  i n  a l l  o f  the. t e s t u o r k  was c o n d u c t i v i t y  w a t e r  
e q u i l i b r a t e d  w i t h  t h e  a tm o s p h e r e .  The w a t e r  was p r e p a r e d  by 
p a s s i n g  d i s t i l l e d  w a t e r  t h r o u g h  an i o n - e x c h a n g e  c o lu m n .  E q u i l i ­
b r a t i o n  w i t h  t h e  a tm o s p h e r e  was a c h i e v e d  by v i g o r o u s  s t i r r i n g  
o f  t h e  w a t e r  i n  a 2 -1  b e a k e r  u s i n g ' s  t e f l o n - c o a t e d  m a g n e t i c  
s t i r r i n g  b a r  and m a g n e t i c  s t i r r e r . .
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EQUIPMENT
F l o t a t i on Appa r a t u s
The m i c r o - f l o t a t i o n  e q u ip m e n t  used  was e s s e n t i a l l y  t h a t
, , , .  „  x ( 1 3 )c i e s c n o e d  oy hi. L.  F u e r s t e n a u
A s m a l l  g l a s s  c e l l - o f  lA D - rn l  c a p a c i t y  was used  t o  c o n t a i n  
t h e  m i n e r a l  p u l p  ( F i g u r e  2 ) .  S u s p e n s io n  o f  t h e  p u l p  was f a c i l i ­
t a t e d  by s t i r r i n g  w i t h  a t e f l o n - c o a t e d  m a g n e t i c  s t i r r i n g  b a r  
and m a g n e t i c  s t i r r e r .  Even d i s p e r s i o n  o f  a i r  f r o m  th e  base o f  
t h e  c e l l  was e f f e c t e d  by t h e  use o f  a f r i t t e d  g l a s s  i n t e r f a c e  
be tw e en  t h e  gas and t h e  p u l p .
The gas f e e d  s y s te m  f o r  t h e  a p p a r a r u s  i s  shown i n  F i g u r e  3. 
The s y s te m  c o m p r i s e s  a n i t r o g e n  b o t t l e  f ro m  w h ic h  t h e  gas i s  
f e d  v i a  a r e g u l a t o r  v a l v e  t o  a s e r i e s  o f  gas w a s h in g  b o t t l e s  
and t h e n c e  t o  a r e s e r v o i r .  A m e r c u r y  manometer  i s  c o n n e c te d  
t o  t h e  r e s e r v o i r  t o  i n d i c a t e  gas p r e s s u r e  and a c t  as a s a f e t y  
v a l v e .  N i t r o g e n  f r o m  t h e  r e s e r v o i r  i s  f e d  t o  a gas m e a s u r i n g  
b u r e t t e  t o  w h ic h  p r e s s u r e  i s  a p p l i e d  by w a t e r  f rom'  a s t e a d y -  - 
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D u r i n g  f l o t a t i o n  gas f r o m  t h e  b u r e t t e  f l o w s  to  t h e  f l o t a t i o n  
c e i l  and f l o w - r a t e  i s  c o n t r o l l e d  by a r e g u l a t o r  v a l v e  on th e  
w a t e r  i n l e t  l i n e  t o  t h e  b u r e t t e .
R e a d in g s  f o r  pH c o n t r o l  were  p r o v i d e d  by a Beckman Z e r o m a t i c  I I  
pH m e t e r  a l o n g s i d e  t h e  f l o t a t i o n  a p p a r a t u s .
Z e t a Me t e r
The Z e ta  M e te r  used  f o r  e l e c t r o p h o r e s i s  m easu rem en ts  was 
a u n i t  s u p p l i e d  by Z e t a - M e t e r  I n c .
The e s s e n t i a l  p a r t  o f - t h e  i n s t r u m e n t  c o n s i s t s  o f  a c l e a r  
p l a s t i c  c e l l  w h ic h  has a chamber a t  e i t h e r  end o f  a f i n e '  t u b e  
( F i g u r e  A ) .  A D. C. c u r r e n t  o f  v a r i a b l e  v o l t a g e  and amperage 
and o f  r e v e r s i b l e  p o l a r i t y  i s  a p p l i e d  a c r o s s  th e  c e l l  t h r o u g h  
p l a t i n u m  e l e c t r o d e s  i n s e r t e d  i n  t h e  s o l u t i o n  i n  t h e  c e l l .
P a r t i c l e s  whose z e t a - p o t s n t i a l  i s  to  be m easured  a re  su spe n de d  
i n  t h i s  s o l u t i o n .
A s t e r e o s c o p i c  m i c r o s c o p e  and. lamp a re  p r o v i d e d  t o  a l l o w  
o b s e r v a t i o n  o f  p a r t i c l e s  i n  t h e  c e l l ,  and t h e  t im e  o f  t r a v e l  o f  
t h e  p a r t i c l e s  o v e r  a f i x e d  d i s t a n c e  i s  m easured  w i t h  an e l e c t r i c  
t i m e r  and f a s t - a c t i n g  c o n t a c t  s w i t c h  o p e r a t e d  by t h e  o b s e r v e r .
The t i m e  o f  t r a v e l  o f  t h e  p a r t i c l e s  I s  a measure  o f  t h e i r  z e t a '  
p o t e n t i a l .
M easurem en t  o v e r  a r a n g e  o f  pH v a l u e s  t o  o b t a i n  b o t h  p o s i ­
t i v e  and n e g a t i v e  z e t a - p o t e n t i a l s  a l l o w s  t h e  z p c - t o  be d e t e r m i n e d .
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F I □ t a t l o n  Ex p e r i m e n t s
E x p e r i m e n t a l  p r o c e d u r e s  f o r  t h e  f l o t a t i o n  t e s t s  v a r i e d  
somewhat  f ro m  t h e  s t a n d a r d  p r o c e d u r e  when m o d i f y i n g  a g e n ts  
were i n t r o d u c e d  i n  t h e  c o n d i t i o n i n g  s t a g e .  The s t a n d a r d  method  
i s  d e s c r i b e d  b e lo w *  F o l l o w i n g  t h i s ,  o u t l i n e s  o f  m e thods  a re  
g i v e n  f o r  p a r t i c u l a r  e x p e r i m e n t s  t h a t  d e v i a t e  f r o m  th e  s t a n d a r d .
A. S t a n d a r d  P r o c e d u r e :
( 1 )  A 3-grn samp le  o f  -1DD +270 mesh m i n e r a l  was d e s l i m e d  and 
t r a n s f e r r e d ,  t o  an empty  c e l l  i n  p o s i t i o n  i n  t h e  f l o t a ­
t i o n  a p p a r a t u s .
( 2 )  A s t i r r e r  b a r  and a p r e d e t e r m i n e d  vo lum e  o f  c o n d u c t i v i t y  
w a t e r  were added to  t h e  c e l l .
( 3 )  The s t i r r e r  was s e t  r o t a t i n g  and a l l o w e d  t o  p r o c e e d
f o r  one m i n u t e .  D u r i n g  t h i s  p e r i o d  an a p p r o x i m a t e  ad ­
j u s t m e n t  o f  pH to  t h e  r e q u i r e d  v a l u e  was made.  S t i r r e r  
speed  was s e t  so as t o  keep t h e  m i n e r a l  i n  s u s p e n s i o n .
(A )  A t  t h e  b e g i n n i n g  o f  t h e  se con d  m i n u t e ,  t h e  c o l l e c t o r
s o l u t i o n  wss added t o  t h e  c e l l  t o  o b t a i n  t h e  r e o u i r e d
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c o l l e c t o r  c o n c e n t r a t i o n ,
( 5 )  C o n d i t i o n i n g  p r o c e e d e d  f o r .  a n o t h e r  2. m i n u t e s ,  d u r i n g  
w h ic h  t i m e  t h e  .pH was m a i n t a i n e d  a t  t h e  d e s i r e d  v a l u e  
by t h e  a d d i t i o n  o f  HC1 o r  KOH s o l u t i o n s .
( 6 ) A t - t h e ' b e g i n n i n g . o f - t h e  t h i r d  m i n u t e ,  f o u r  d ro p s  o f  
b r o t h e r  s o l u t i o n  were added t o  t h e  p u l p ,  and c o n d i t i o n i n g  
and pH c o n t r o l  p r o c e e d e d  f o r  a n o t h e r  m i n u t e .
( 7 )  J u s t  b e f o r e  t h e  end o f  t h e  f o u r t h  - m i n u t e , t h e  t e m p e r a ­
t u r e  and pH were m ea su red  and r e c o r d e d .
(S )  The gas c o n t r o l  v a l v e  was t h e n  opened and 2 0 0 -m l  o f
n i t r o g e n  b u b b le  t h r o u g h  t h e  p u l p  o v e r  e o n e - m i n u t e  
p e r i o d ,  d u r i n g  w h ic h  t i m e  t h e  f r o t h  was c o l l e c t e d  by 
m a n u a l _ s c r a p i n g  w i t h  a m ic r o s c o p e  s l i d e .
( 9 )  The gas v a l v e  was t h e n  c l o s e d  and t h e  pH and t h e  
t e m p e r a t u r e  were m ea su red  a g a i n  t o  c h e c k  f o r  i n c o n s i s ­
t e n t  pH a n d / o r  t e m p e r a t u r e  c h a n g e s .
( 1 0 )  The c o n c e n t r a t e  and t a i l i n g s  were t r a n s f e r r e d  to  
2 5 0 -m l  b e a k e r s  and d r i e d  u n d e r  i n f r a r e d  lamps  f o r  l a t e r  
w e i g h i n g  and d e t e r m i n a t i o n  o f  r e c o v e r y .
( 1 1 )  The f l o t a t i o n  c e l l  was t h e n  t h o r o u g h l y  c l e a n e d  and t h e  
f l o t a t i o n ,p r o c e d u r e  r e p e a t e d  f o r  t h e  n e x t  t e s t  i n  t h e  
s e r i e s .
B. P r o c e d u r e  w i t h  IMa^CO^ a d d i t i o n s :
I .  For  A n g l e s i t e  ( e x  A r i z o n a )  ( F i g u r e s  1A and 1 5 ) :
( 1 ) and ( 2 ) as b e f o r e . '
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( 3 a )  bJater was added t o  . m i n e r a l  i n  t h e  c e l l  and c o n d i t i o n  
i n g  p r o c e e d e d  f o r  one m i n u t e  u i t n  no pH c o n t r o l ,
(A a )  A t  t h e  b e q i n n i n o  o f  t h e  second  m i n u t e ,  t h e  Ha^CO '
_  <L J
s o l u t i o n  was added t o  t h e  c e l l ,  and c o n d i t i o n i n g  
p r o c e e d e d  f o r  a f u r t h e r  t h r e e  m i n u t e s  w i t h  no 
pH c o n t r o l .
( 5 a )  A t  t h e  b e g i n n i n g  o f  t h e  f o u r t h  m i n u t e ,  t h e  c o l l e c t o r  
s o l u t i o n  and f o u r  d ro p s  o f  f r o t h e r  s o l u t i o n  were 
added t o  t h e  p u l p ,  and c o n d i t i o n i n g  a n d  phi c o n t r o l  
were  c o n t i n u e d  f o r  a n o t h e r  m i n u t e .
( 7 )  t o  ( 1 1 )  as f o r  S t a n d a r d  T e s t .
I n  one t e s t  s e r i e s  ( F i g u r e  1 7 ) ,  t h e  iMa^CO^ c o n d i t i o n i n g  s o l u ­
t i o n  was d e c a n te d  be tween  s t e p s  (Aa )  and ( 5 a )  and th e  s o l u t i o n  
r e p l a c e d  by f r e s h  w a t e r .
I I .  Fo r  A n g l e s i t e  ( e x  C a l i f o r n i a )  ( F i g u r e  1 6 ) .
( 1 ) ,  ( 2 ) ,  and ( 3 a )  as p r e v i o u s l y  d e s c r i b e d .
(Ab )  as f o r  (Aa )  b u t  w i t h  a one m in u te ,  c o n d i t i o n i n g  t i m e .
(A )  t o  ( 1 1 )  as f o r  S t a n d a r d  T e s t .
C. P r o c e d u r e  w i t h  Na^SO^ a d d i t i o n s :  ( F i g u r e s  12 and 13)
As f o r  P r o c e d u r e  B I I  b u t  u s i n g  Na^SO^ i n  p l a c e  o f  Ha^CO^.
A su m m a r ize d  o u t l i n e  o f  t h e s e  t e s t  p r o c e d u r e s  i s  g i v e n  i n  
T a b le  I .
T -1 1 6 5 19
TABLE I  -  Summary o f  F l o t a t i o n  T e s t  P r o c e d u r e s
1 ,
P r o c e d u r e  A P r o c e d u r e  8 I P r o c e d u r e s  8 I I ,  ELI
( S t a n d a r d
T e s t )
( C a r b o n a t e  
c o n d i t i o n  
o f  a n g l e s i t e  
ex A r i z o n a )
( C a r b o n a t e  
c o n d i t i o n  
o f  a n g l e s i t e  
ex C a l i f o r n i a )  
( S u l f a t e  
c o n d i t i o n  o f  
a n g l e s i t e )
I n i t i a l 1 - m i n .  pH 1 - m in . - - n o  pH 1 - m i n .  no pH
c o n d i t i o n c o n t r o l l e d c o n t r o l c o n t i o  1
iv!o d i f  i s r None 3 - m i n .  no pH 1 - m i n .  no pH ■
c o n d i t i o n c o n t r o l c o n t r o l
C o l l e c t o r 3 - m i n .  pH 1—m m . pn 3 - m i n .  pH
c o n d i t i o n c o n t r o l l e d c o n t r o l l e d c o n t r o l l e d  •
F lo  t a t  i o n 1 - m i n . 1 - m i n . 1 - m i n .
For  a l l  t e s t s  B r o t h e r  was added one m i n u t e  b e f o r e  f l o t a t i o n .
£ l a c ': r o .p h o r s s i s  Ex p e r i m e n t s
These e x p e r i m e n t s  were  c o n d u c t e d  i n  t h e  f o l l o w i n g  m a nner :
( 1 )  A bo u t  3-gm o f  - 3 2 5  mesh m i n e r a l  were  s c r e e n e d - o u t  f r o m  t h e  
-2 7 0  mesh m a t e r i a l .  ' T h i s  - 3 2 5  mesh m a t e r i a l  was t h e n  
g r o u n d  w i t h  an a l u m i n a  m o r t a r  and p e s t l e ,
( 2 ) 0 . 2 -gm sa m p les  o f  t h e  g ro u n d  m a t e r i a l  were, w e ig h e d  i n t o  
250 - rn l  b e a k e r s .
( 3 )  Fo r  each t e s t . o n e  o f  t h e s e  sa m p les  was p r e p a r e d  by a d d in g  
1 5 0 - m l  c o n d u c t i v i t y  w a t e r  t o  t h e  b e a k e r  p l u s  a s t i r r i n g  b a r
T -1 1 6 5 .2D
( k )
( 5 )





The b e a k e r  uas t h e n  p l a c e d  on a m a g n e t i c  s t i r r e r  and 
c o n d i t i o n e d  f o r  5 - m i n ,  a d j u s t i n g  t h e  pH d u r i n g  t h i s  p e r i o d  
t o  t h e  r e q u i r e d  v a l u e .
P a r t  o f  t h e  m i n e r a l  s u s p e n s i o n  was t h e n  p o u r e d  i n t o  t h e  
e l e c t r o p h o r e s i s  c e l l  and t h e  e l e c t r o d e s  were p l a c e d  i n  
p o s i t i o n .
The c e l l  uas t h e n  p l a c e d  on th e  m i c r o s c o p e  s t a g e ;  t h e  
e l e c t r o d e  l e a d s  were c o n n e c t e d ,  and t h e  p a r t i c l e  v e l o c i t y  
was m ea su red  w i t h  b o t h  n o r m a l  and r e v e r s e  p o l a r i t y *
The power l e a d s  and e l e c t r o d e s  were t h e n  removed  f ro m  th e  
c e l l .  The c e l l  uas t a k e n  f r o m  t h e  m ic r o s c o p e  s t a g e ,  and 
t h e  s o l u t i o n  uas p o u r e d  back  i n t o  t h e  o r i g i n  a 1 os c.i k s r «
The pH o f  • t h e  s o l u t i o n  i n  t h e  b e a k e r  was th e n  m easured  to  
ch eck  f o r  any l a r g e  v a r i a t i o n  i n  pH d u r i n g  e l e c t r o p h o r e t i c  
m e a s u r e m e n t .
The c e l l  uas t h e n  c l e a n e d ,  and t h e  p r o c e s s  uas r e p e a t e d  to  
o b t a i n  f u r t h e r  d a t a .
The z e t a  p o t e n t i a l  a t  each pH v a l u e  uas t h e n  c a l c u l a t e d
f r o m  t h e  H e l m h o l t z - S m o l u c h o u s k i  e q u a t i o n :
z - p - = CE.f i .  x ^ l i t  x (3 0 D )
D t “  ’  .........."
Z . P .  = z e t a  p o t e n t i a l  i n  v o l t s
V/t = v i s c o s i t y  o f  s u p p o r t i n g  f l u i d  i n  p o i s e
Dt = d i e l e c t r i c  c o n s t a n t  o f  t h e  f l u i d
E.ivi. = e l e c t r o p h o r e t i c  m o b i l i t y  = F/H
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Where F = v e l o c i t y  o f  su s p e n d e d  p a r t i c l e s  in .  cm /se c  
H = esu v o l t ' /  cm l e n g t h  o f  s u p p o r t i n g  f l u i d .
A l l  e x p e r i m e n t s  were c o n d u c t e d  a t  a m b ie n t  t e m p e r a t u r e  
(2 5 ° C )  and d a ta  f o r  t h i s  t e m p e r a t u r e  uas used i n  a p p l i c a t i o n  o f  
t h e  f o r m u l a .
T-13.G5
* RESULTS
The f o l l o w i n g  f l o t a t i o n  and e l e c t r o p h o r e t i c  e x p e r i m e n t a l  
r e s u l t s  were o b t a i n e d  i n  t h e  c o u r s e  o f  ' t h e  i n v e s t i g a t i o n :
F l o t a t i o n E x p e r i m e n t s
The f l o t a t i o n  t e s t w o r k .  d a t a  a re  g ro u p e d  i n  t h e  sequence  o f  
i n v e s t i g a t i o n  so t h a t  t h e  l o g i c a l  p r o g r e s s i o n  o f  i n f o r m a t i o n  
may be u n d e r s t o o d .  The p r i m a r y  c o n c e r n  o f  t h e  i n v e s t i g a t i o n  
was t h e  u n d e r s t a n d i n g  o f  t h e  f l o t a t i o n  mechan isms o f  t h e  o x i d e  
l e a d  m i n e r a l s .  Work w i t h  m a l a c h i t e ,  i n t r o d u c e d  t o w a r d s  t h e  end o f  
t h e  s t u d y ,  was done o n l y  t o  i l l u s t r a t e  a p o i n t  c o n c e r n i n g  t h e  
mechan ism o f  - f l o t a t i o n  o f  o x i d E . b a s e  m e t a l  m i n e r a l s  g e n e r a l l y .
Because t h e  a n g l e s i t e  used  a t  t h e  s t a r t  o f  t h e  i n v e s t i ­
g a t i o n  became e x h a u s t e d  b e f o r e ,  a l l  o f  t h e  n e c e s s a r y  e x p e r i ­
m e n t a l  wo rk  had been c o m p l e t e d ,  a se con d  sam p le  f r o m  a d i f ­
f e r e n t  s o u r c e  was used  to  c o m p le t e  t h e  s tu d y . . '
An e x p l a n a t i o n  o f  t h e  r e s u l t s  f o l l o w s :
( 1 ) D e t e r m i n a t i o n  o f  E t h y l  . Xa n t h a te  and Ol e a t e  C o n c e n t r a t i o n s  
R e q u i r e d  f o r  F l o t a t i o n  ( F i g u r e s  5 and 6 )
T h e s e - r e s u l t s  show t h a t  . c e r u s s i t e  f l o a t s  a t  l o w e r  c o l -
22
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l e c t o r  c o n c e n t r a t i o n s  t h a n  does a n g l e s i t e .  Uihen f l o a t i n g  a n g l e s i t e
w i t h  e t h y l  x a n t h a t e , i t  i s  seen t h a t  r e c o v e r y  r e m a i n s  r e l a t i v e l y
-  2
lo w  even a t  v e r y  h i g h  c o l l e c t o r  c o n c e n t r a t i o n s  (10  ^ M ) , w h e r e -
~4
as c e r u s s i t e  does a p p ro a c h  100 p e r c e n t  f l o t a t i o n  ( a t  8 x ID M) .
When o l e a t e  is-  t h e  c o l l e c t o r  e m p lo y e d ,  i t  i s  seen t h a t  a b o u t
3D t i m e s  as much . c o l l e c t o r  i s  r e q u i r e d  f o r  t h e  a n g l e s i t e  as
com pared  t o  t h e  c e r u s s i t e  t o  e f f e c t  60 p e r c e n t  r e c o v e r y
(1 x 1 0 “ 6 M c f . '  3 x I D " 5 M) .
The r e s u l t s  a l s o  i n d i c a t e  t h a t  a much h i g h e r  c o l l e c t o r
c o n c e n t r a t i o n  i s  r e q u i r e d  f o r  f l o t a t i o n  o f  o x i d e  l e a d  m i n e r a l s
when u s i n g  e t h y l  x a n t h a t e  as compared  to  o l e a t e .  I n  t h e  case
o f  c e r u s s i t e  t h e  d i f f e r e n c e  i n  c o n c e n t r a t i o n  i s  400 t i m e s  as.
— G • *“4much x a n t h a t e  as o l e a t e  (2  x ID  M c f .  8 x ID M ; . g u r  a n g l e s i t e
g o o d ' r e c o v e r y  w i t h  o l e a t e  o c c u r s  a t  a r e a s o n a b l e  c o l l e c t o r
- 4
c o n c e n t r a t i o n  (1 0  M ) , w h e r e a s - w i t h  x a n t h a t e ,  r e c o v e r y  r e -
“ 2m a in s  p o o r  a t  v e r y  h i g h  c o n c e n t r a t i o n  ( I D  M) .
. (2) p e t e r m i n a t i o n _  o f  ti ihet h e r  S u l f h y d ry  1 Co l l e c t o r s  i n Ge n e r a l  
g i v e  Poor  F l o t a t i o n  as Compa r e d t o  C a r b o x y l i c  Col l e c t o r s  
( F i g u r e s  7 and B)
Fo r  t h e s e  t e s t s  a c a r b o x y l i c  c o l l e c t o r  o f  r e l a t i v e l y  
s h o r t  c h a i n  l e n g t h ,  o c t a n o i c  a c i d ,  and a s u l f y d r i c  c o l l e c t o r  
o f  r e l a t i v e l y  l a r g e  o r g a n i c  r a d i c a l ,  d i e t h y l r i i t h i o p h o s p h o r i c  
a c i d ,  were  used .
I n - a  v e r y  g e n e r a l  c o m p a r i s o n  t h e  c o H e c t o r  c o n c e n t r a t i o n s
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r e q u i r e d  to  f l o a t  t h e  m i n e r a l s  a re  a b o u t  t h e  same as t h a t  r e -
- 3q u i r e d  when u s i n g  x a n t h a t e ,  a b o u t  ID M, a l t h o u g h  b o th  o f
t h e s e  c o l l e c t o r s  show good r e c o v e r y  o f  a n g l e s i t e ,  w h ic h  d i d
n o t  o c c u r  when u s i n g  x a n t h a t e .
The a n g l e s i t e  f l o a t s  a t  a s l i g h t l y  l o w e r  c o l l e c t o r  C o n c e n -
- 3t r o t i o n  t h a n  c e r u s s i t e  when u s i n g  b o th  o c t a n o i c  a c i d  (1  x 10 M
-  3 -  3
c f *  3 x 10 M) an[l  d i e t h y l d i t h i o p h o s p h o r i c  a c i d  (2  x 10 H c f .
3 . 5  x 10 ^ M ) .  T h i s  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  w i t h  x a n t h a t e  
and o l e a t e  where- c e r u s s i t e  f l o a t s  a t  l o w e r  c o l l e c t o r  c o n c e n ­
t r a t i o n s  t h a n  a n g l e s i t e .
The r e a s o n  f o r  t h e  i n f l e c t i o n  o f  t h e  c u r v e  i n  t h e  o c t a n o i c  
a c i d  f l o t a t i o n  o f  c e r u s s i t e  i s  unknown,  b u t  i t s  e x i s t a n c e  was 
c o n f i r m e d  by a r e p e a t  t e s t  s e r i e s , .
( 3 )  D e t e r m i n a t i o n  o f  Ulhe ther I n o r g a n i c  A n ion  Conc e n t r a t i on 
has s S i q n i f i c a n t  E f f e c t  on C o l l e c t o r  Co n c e n t r a t i o n  Rs -  
g u i r e d  f o r  C e r u s s i t e  F l o t a t i o n  u s i n g  O c t a n o i c  A c i d  and 
D i e t h y l d i t h i o p ho s p h o r i c  A c i d  ( F i g u r e s  9 and 10)
The r e s u l t s  c l e a r l y  snow t h a t  t h e  pH has a v e r y  s i g n i f i ­
c a n t  e f f e c t  on f l o t a t i o n  r e s u l t s  when u s i n g  t n e s e  c o l l e c t o r s  
w i t h  c e r u s s i t e .  A t  l o w  pH v a l u e  ( 6 . 5 ) ,  goad f l o t a t i o n  
r e c o v e r y  o c c u r s  a t  l o w e r  c o n c e n t r a t i o n  t h a n  i t  does a t  a h i g h e r
pH ( 8 . 0 ) ,  and a t  even h i g h e r  pH ( 9 . 5 )  t h e  m i n e r a l  r e m a in s  d e p r e s s -
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( A ) ,D e t e r m i n a t i n n o f  E f f e c t  o f  pH When u s i n q  X j n t h a te  as
Co 11 e c t o  r  ( F i  gl:r  e 11 )
These t e s t s  were c o n d u c t e d  u s i n g  A c o l l e c t o r  c o n c e n t r a -  
-A
t i o n  o f  5 x ID  M e t h y l  x a n t h a t e  i n  t h e  case o f  c e r u s s i t e  
and 1 x 10 ^ M e t h y l  x a n t h a t e  w i t h  a n g l e s i t e .  These c o n c e n ­
t r a t i o n s  were c l o s e  t o  t h e  op t im um  v a l v e s  as f o u n d  a t  pH 8 
( F i g u r e  5 ) *
I n  c e r u s s i t e  f l o t a t i o n  i t  i s  seen t h a t  t h e  pH has no 
e f f e c t  i n  t h e  ra n g e  6 to  9 ,  w h i l e  f o r  a n g l e s i t e  t h e  r a n g e  i s  
6 t o  1 0 . The pH r a n g e  o f  b e s t  f l o t a t i o n  i n  b o t h  ca ses  i s  t h u s  
q u i t e  s i m i l a r .
( 5 )  Det e r m i n a t i o n  o f  Ef f e c t  o f  A d d in g  Sod i u rn S u l f a t e  t o  t h e
P u lp  i n  X a n t h a t e  F l o t a t i o n  o f  Ang l e s i t e  ( F i g u r e s  12 and 13)
I n i t i a l  t e s t i n g  o f  x a n t h a t e  f l o t a t i o n  o f  a n g l e s i t e  w i t h
so d iu m  s u l f a t e  shamed t h a t  a sod ium  s u l f a t e  c o n c e n t r a t i o n  o f  
- 3
5 x 10 M mas i n s u f f i c i e n t  t o  im p ro v e  r e s u l t s .  H ow ever ,  whan 
t h e  s u l f a t e  c o n c e n t r a t i o n  mas r a i s e d  t o  10 M, as may be seen 
f r o m  t h e  g r a p h s ,  a v e r y  s i g n i f i c a n t  im p ro v e m e n t  i n  f l o t a t i o n  
c h a r a c t e r i s t i c s  r e s u l t e d .
R e s u l t s  a re  shown f o r  b o t h  t h e  a n g l e s i t e  f r o m  A r i z o n a ,  
i n  w h ic h  t h e  s u l f a t e  w i t h  x a n t h a t e  t e s t  mas c o n d u c te d  a t  pH 6 . 5 ,  
and a n g l e s i t e  f r o m  C a l i f o r n i a ,  when t h e  some t e s t  was co nd uc te d ,  
a t  pH 6 . 0 .  The c o n t r o l  f l o t a t i o n  t e s t s  i n  each case  mere done 
a t  pH 8 . 0 .  U n f o r t u n a t e l y ,  e x h a u s t i o n  o f  t h e  m i n e r a l  f r o m  t h e
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A r i z o n a  s o u r c e  p r e v e n t e d  t h e  s u l f a t e  w i t h  x a n t h a t e  t e s t  b e i n g  
done a t  pH 8 . 0  f o r  t h i s  m a t e r i a l ,  b u t  i t  i s  u n l i k e l y ,  i n  any 
c a s e ,  t h a t  t h e  pH d i f f e r e n c e  had any e f f e c t .  Fu r  t h e r m o r e , t h e  
t e s t s  w i t h  t h e  C a l i f o r n i a  m i n e r a l  shorn t h e  same p a t t e r n  o f  
r e s u l t s ,
( 6 ) D e t e r m i n e t i o n o f  t h e  E f f e c t  o f  A d d in g  Sodium C a rb o n a t e  
t o  t h e  JP u ljj _ in  X a n t h a t e  F l o t a t i o n  o f  An g l e s i t e  
( F i g u r e s  1 A , 1 5 ,  'and 16)
A f l o t a t i o n  t e s t  s e r i e s  w i t h  a n g l e s i t e  a t  pH B.D and 
c o n s t a n t  c o l l e c t o r  c o n c e n t r a t i o n  (10  '  M) showed t h a t  .a 
so d ium  c a r b o n a t e  c o n c e n t r a t i o n  o f  5 x 1C M w o u ld  e f f e c t  an 
i n c r e a s e  i n  r e c o v e r y  ( F i g u r e  1 A ) .  U s in g  t h i s  c o n c e n t r a t i o n  
o f  c a r b o n a t e ,  a t e s t  s e r i e s  was c o n d u c t e d ,  v a r y i n g  th e  x a n t h a t e  
c o n c e n t r a t i o n  as can be seen i n  F i g u r e s  15 and 1 6 .  T h i s  t r e a t ­
ment  r e s u l t e d  i n  c o n s i d e r a b l e  im p ro v e m e n t  o f  f l o t a t i o n  r e s u l t s  
as compared  t o  t h o s e  t e s t s  where  no m o d i f i e r  was used .
I n  t h o s e  t e s t s  w i t h  t h e  a n g l e s i t e  f r o m  A r i z o n a ,  c o n d i t i o n ­
i n g  t i m e  w i t h  x a n t h a t e  was l i m i t e d  t o  one m i n u t e ,  f o r  i t  was 
f o u n d  t h a t  l o n g e r  c o n d i t i o n i n g  gave p o o r  f l o t a t i o n ,  b u t  w i t h  t h e  
C a l i f o r n i a  m i n e r a l  a 3 - m i n .  c o n d i t i o n i n g  t i m e  was used  w i t h o u t  
i l l  e f f e c t .
I n  t h e s e  t e s t s ,  as i n  t h o s e  d e s c r i b e d  i n  S e c t i o n  5 o f  t h e  
R e s u l t s ,  t h e  t e s t i n g  o f  t h e  A r i z o n a  m i n e r a l  was dons a t  a pH 
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A g a in  e x h a u s t i o n  o f  m a t e r i a l  made i t  i m p o s s i b l e  to  r e p e a t  t h i s  
t e s t ,  b u t  t h e  t e s t i n g  o f  t h e  C a l i f o r n i a  m a t e r i a l  w i t h  b o t h  s e r i e s
a t  pH (3.0 sho Li is t h e  same r e s u l t .
( ? )  D e t e r m i n a t i o n  o f  W he the r  S o d i um C a r b o n a te  A l t e r s  t h e
Sur f a c e L a y e r  o f  A n g l e s t t e  o r  i s  E f f e c t i v e M e r e l y  by i t s 
P r e s e n se i n  Sol u t i o n  ( F i g u r e  17)
These two t e s t s  show t h e  e f f e c t  o f  d e c a n t a t i o n  and n o n -  
d e c a n t a t i o n  o f  t h e  s o d i u m - c a r b o n a t e  - a f t e r  c a r b o n a t e  c o n d i t i o n ­
i n g ,  p r i o r  to  x a n t h a t e  c o n d i t i o n i n g  and f l o t a t i o n .  The g r a p h s  
a re  p r a c t i c a l l y  i n d e n t i c a l ,  w h ic h  i n d i c a t e s  t h a t  t h e  p re s e n c e  o f
c a r b o n a t e  i o n s  i n  s o l u t i o n  d u r i n g  f l o t a t i o n  does n o t  c o n t r i b u t e
t o  t h e  i m p r o v e d  f l o t a t i o n  when t h e  m o d i f i e r  i s  added t o  t h e  
p u l p  b u t  r a t h e r  t h a t  the . c a r b o n a t e  i o n s  a l t e r  t h e  s u r f a c e .
T h i s  s u p p o s i t i o n  was s u p p o r t e d  by a s i n g l e ,  t e s t  i n v o l v i n g  
t h e  c o n d i t i o n i n g  o f  a n g l e s i t e  a t  t h e  same so d ium  c a r b o n a t e  
c o n c e n t r a t i o n  as b e f o r e  (5  x 10 4 M) ,  f o l l o w e d  by w a s h in g  th e
m i n e r a l  f i v e  t i m e s  w i t h  w a t e r  a t  pH 9 . 0 ,  and f i n a l l y  c o n d i t i o n -
- 3
i n g  i t  w i t h  x a n t h a t e  a t  10 ^ M a t  pH 8 . 0  f o r  1 -m in .  p r i o r  to  
f l o t a t i o n .  T h i s  t e s t  gave a r e c o v e r y  o f  99 p e r c e n t .
( 8 ) D e t e r m i n a t i o n  o f  E f f e c t  o f  Ad d i n g  . So d iu rn C a rb o n a te  t o  t h e  
P u l p  i n  t h e  X a n t h a t e F l o t a t i o n  o f  M a l a c h i t e  ( F i g u r e s  18 
and 19)
These e x p e r i m e n t s  were c o n d u c t e d  i n  o r d e r  t o  d e t e r m i n e  t h e  
e f f e c t  o f  a d d in g  a common i o n  t o  a m i n e r a l  t h a t  has l o w
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□ □ l i a b i l i t y  b u t  t h a t  n e v e r t h e l e s s  r e q u i r e s  a h i g h  x a n t h a t e  
c o n c e n t r a t i o n  f o r  f l o t a t i o n .  . U s i n g - m a l a c h i t e ,  f l o t a t i o n  t e s t  
s e r i e s  uas r u n  w i t h  x a n t h a t e  a l o n e  ( F i g u r e  I S ) .  From t h i s  data,  
t h e  c o l l e c t o r  c o n c e n t r a t i o n  r e q u i r e d  to  g i v e  a b o u t  5C3 p e r c e n t  
r e c o v e r y ,  6 x 10 M x a n t h a t e ,  uas d e t e r m i n e d .  U s in g  t h i s  
- x a n t h a t e  c o n c e n t r a t i o n ,  f l o t a t i o n  t e s t  s e r i e s  uas  c o n d u c t e d ,  
v a r y i n g  t h e  c a r b o n a t e - c o n c e n t r a t i o n  ( F i g u r e  1 9 ) .  T h i s  d a t a  
a p p e a r s  t o  i n d i c a t e  a s l i g h t  im p r o v e m e n t  i n  r e c o v e r y  on i n c r e a s -  
i n g  t h e  c a r b o n a t e . . c o n c e n t r a t i o n  f r o m  10 M t o  10~ M, b u t  t h e  
r e c o v e r y  o b t a i n e d  does n o t  e x c e e d  t h a t  u s i n g  x a n t h a t e  a l o n e .  
El e c t r o p h o r e t i c  E x p e r i m en ts  ( F i g u r e  20)
O n l y  one z e t a  p o t e n t i a l  c u r v e  i s  g i v e n  -  t h a t  f o r  c e r u s s i t e .  
An a t t e m p t  uas made t o  o b t a i n  a z e t a  p o t e n t i a l  c u r v e  f o r  a n g l e -  
s i t e ,  b u t  v e r y  i n c o n s i s t e n t  r e s u l t s  w e r e ’ o b t a i n e d  and th e  
a t t e m p t  abandoned .
The c e r u s s i t e  z e t a  p o t e n t i a l ,  g raph  shows t h a t  t h e  zp c  o f  
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DISCUSSIDM OF RESULTS'
I n s p e c t i o n  o f  t h e  z e t a  p o t e n t i a l  c u r v e  o f  c e r u s s i t e  
( F i g u r e  20)  shows t h a t  t h e  m i n e r a l ' i s  n e g a t i v e l y  c h a r g e d  a t  pH 
v a l u e s  g r e a t e r  t h a n  6 ,  and ,  s h o u l d  p h y s i c a l  a d s o r p t i o n  o f  c o l l e c t o r  
i o n s  be r e s p o n s i b l e  f o r  f l o t a t i o n ,  f l o t a t i o n  s h o u l d  n o t  o c c u r  
a t  phi v a l u e s  much , h i g h e r  t h a n  t h i s .  H y d r o l y s i s  o f  c o l l e c t o r  
i o n s  w i l l  o c c u r ,  a t  l o w  pH v a l u e s  b u t  w i l l  n o t  o c c u r  s i g n i f i ­
c a n t l y  a t  n e u t r a l  pH and abGve.  As shown i n  F i g u r e  11,  
s i g n i f i c a n t  f l o t a t i o n  o f  c e r u s s i t e  w i t h  x a n t h a t e  o c c u r s  a t  
pH v a l u e s  up t o  I D ,  and ,  as a r e s u l t ,  i t  can be assumed t h a t  
x a n t h a t e  i o n s  a re  a d s o r b i n g  c h e m i c a l l y  on t h i s  m i n e r a l .
T h a t  l e a d  x a n t h a t e  a c t u a l l y  f o r m s  I s  e v i d e n c e d  by t h e  
w h i t e  l e a d  x a n t h a t e  c o l l o i d  t h a t  f o rm s  i n  s o l u t i o n  on a d d in g  
x a n t h a t e  t o  a g i t a t e d  c e r u s s i t e .  o r  a n g l e s i t e  d u r i n g  c o n d i t i o n i n g  
p r i o r *  t o  f l o t a t i o n .  I n f r a r e d  a n a l y s i s  o f  t h e s e  c o l l o i d s  show­
ed them t o  be l e a d  x a n t h a t e .  r
F u r t h e r  e v i d e n c e  Q f  f o r m a t i o n  o f  l e a d  x a n t h a t e  and l e a d  
compounds o f  o t h e r ’ c o l l e c t o r s  i s  i n d i c a t e d  by t h e  v e r y  l o w  
s o l u b i l i t y  p r o d u c t s  o f  t h e s e  compounds :  (Hsp l e a d  e t h y l
L5
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x a n t h a t e ,  10 ; Ksp l e a d  o l e a t e ,  10 ; Ksp l e a d
- 1 1 . 3 ( 1 ° ) 'd i e t h y I d i t h i o p h o s p h a t e , 10 ; Ksp l e a d  o c t a n o a t e ,  u n ­
k n o w n ) .  The h i g h  s t a b i l i t y  o f  t h e s e  compounds compared  t o  the
— 17 0 - 7  0
l e a d  m i n e r a l s  (K s p .P b C 0 3 , ID  ’  ; Hsp PbSO^, 10 * 0  A p p e n d ix  1)
i n d i c a t e s  t h a t  h i g h  s u l f a t e  o r  c a r b o n a t e  a n i o n  c o n c e n t r a t i o n s
.a re  r e q u i r e d  t o  p r e v e n t  f o r m a t i o n  o f  l e a d  c o l l e c t o r  compounds
e x c e p t ,  p e r h a p s ,  i n  t h e  case  o f  a n g l e s i t e  w i t h  d i e t h y l d i t h i o -
p h o s p h a t e  and o c t a n o a t e .
The f l o t a t i o n  mechan ism i n  each case  may be r e p r e s e n t e d  by
t h e  f o l l o w i n g  e q u a t i o n s :
( 1 )  E t h y l  x a n t h a t e :
PbC03 + 2 EX~ -  P o ( E X )^  + CO2"
PbSO. + 2 EX“  = Pb(EX) + S02~
A 2 4
( 2 )  O l e a t e :
PbC03 + 2 0 1 "  = Pb( 0 1 ) ^ + C02 “
PbSO, + 2 0 1 "  = P b ( 0 1 ) „  + SO2"
4 2 H
( 3 )  D i e t h y l d i t h i o p h o s p h a t e :
PbC03 + 2 DDP" = Pb(DD.P) 2 + CO2 "
PbSO,' + 2 DDP" = P b(DDP)„  + SO.2"4 . 2  4
(A )  O c t a n o a t e :
PbC03 + 2 0 c t ~  -  Pb ( O c t ). 2 + CO2" .
PbSO, + 2 O c t "  = P b ( O c t ) Q + SO,2"
4 2 4
The r e s u l t s  a re  now d i s c u s s e d  i n  r e l a t i o n  t o  t h e  t h r e e
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q u e s t i o n s  s e t  a t  t h e  i n t r o d u c t i o n  o f  t h e  t h e s i s .
( 1 )  Why t he Conc e n t r a t i o n i s  o f  F a t t y  A c i d  t h a t  i s  R e q u i r e d  to  
F l o a t  t h e  D x i d e  L e ad M i n e r a l s  i s  Lower  t h e n  t h a t  when 
Xa n t h a t e i s  Used ( W i t h o u t  P r i o r  S u l f i d i z a t i o n ) .
P o s s i b l e  r e a s o n s  f o r  t h i s  a r e :
( i )  L o n g e r  c h a i n  l e n g t h  o f  o l e a t e  i o n  i m p a r t s  more
h y d r o p h o b i c i t y  f o r  e q u i v a l e n t  m o l e c u l a r  a d s o r p t i o n , ,
( i i )  F a t t y  a c i d  c o l l e c t o r s  m a y  have some i n h e r e n t  p r o p e r t y ,
n o t  a s s o c i a t e d  w i t h  c h a i n  l e n g t h ,  t h a t  makes them
s t r o n g e r  c o l l e c t o r s  t h a n  s u l f y d r y l  c o l l e c t o r s .
( i i i )  C h a in  a s s o c i a t i o n  b e tw ee n  o l e a t e  m o l e c u l e s  a l l o w s
t h e  c o l l e c t o r  t o  f o r m  a c o h e r e n t  l a y e r  on th e  s u r f a c e
o f  . t h e  m i n e r a l s  w h ic h  w i l l  r e m a in  a t  the  s u r f a c e .
. . C e r t a i n l y  r e a s o n  ( i )  i s  a p o s s i b i l i t y ,  f o r  i f  i t  i s  assumed
t h a t  x a n t h a t e  and o l e a t e  i o n s  a d s o r b  t o  t h e  same e x t e n t  on
e q u i v a l e n t  num bers  o f  a d s o r p t i o n  s i t e s  p e r  u n i t  a r e a ,  t h a n ,
s i n c e  t h e  o l e a t e  c h a i n  i s  17 c a r b o n  atoms l o n g  compared  t o  t h e
2 o f  e t h y l  x a n t h a t e ,  t h e  f o r m e r  w i l l  have  t h e  e f f e c t  o f  BYz t i m e s
t h e  c o n c e n t r a t i o n  o f  t h e  l a t t e r .  I f  t h i s  were t h e  o n l y  r e a s o n
c o n t r i b u t i n g ,  t o  t h e  p o o r  f l o t a t i o n  w i t h  x a n t h a t e  as compared  to
o l e a t e ,  i t  m i g h t  be e x p e c t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  x a n t h a t e
r e q u i r e d  t o  g i v e  t h e  e q u i v a l e n t  f l o t a t i o n  w o u ld  be a b o u t  one
o r d e r  o f  m a g n i t u d e  h i g h e r  t h a n  t h a t  w i t h  o l e a t e .  The d a t a  i n
F i g u r e  6 show t h a t  i n  t h e  case  o f  c e r u s s i t e  a b o u t  FDD t i m e s  as
«
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much x a n t h a t e  i s  r e q u i r e d ' f a r  maximum' r e c o v e r y - ,  and t h o s e  i n  
F i g u r e  5 show t h a t  w i t h  a n g l e s i t e  a b o u t  270 ’t i m e s  as much 
x a n t h a t e  i s  r e q u i r e d  f o r  GO p e r c e n t  r e c o v e r y ,  T h us ,  t h e  h ,yd ro ­
p h o b i c i t y  i m p a r t e d  by t h e  l o n g e r  c h a i n  l e n g t h  o f  o l e a t e  c a n n o t  
a l o n e  a c c o u n t  f o r  t h e  v e r y  l a r g e  d i f f e r e n c e  i n  c o l l e c t o r  
. c o n c e n t r a t i o n  r e q u i r e m e n t s .
To t e s t  t h e  l i k e l i h o o d  o f  r e a s o n  ( i i ) ,  t h e  f l o t a t i o n  
c h a r a c t e r i s t i c s  mere d e t e r m i n e d  u s i n g  a l o n g e r  c h a i n  s u l f h y d r y l  
c o l l e c t o r ,  d i e t h y . I  d i t h i o p h o s p h o r i c  a c i d ,  and - a s h o r t e r ,  c h a i n  
f a t t y  a c i d ,  o c t a n o i c  a c i d ,  i n  o r d e r  t o  m i n i m i z e  t h e  d i f f e r e n c e  
i n  c h a i n  l e n g t h .  These t e s t s  ( F i g u r e s  7 and 8 )  show t h a t  
s l i g h t l y  b e t t e r  r e s u l t s  a re  o b t a i n e d  .w i t h  t h e  f a t t y  a c i d  as 
compared  to  the. s u l f h y d r y l  c o l l e c t o r  b u t  t h a t  t h e  d i f f e r e n c e ,  
i s  q u i t e  s m a l l  as compared  t o  t h a t  o c c u r r i n g  b e tw e en  o l e a t e  
and x a n t h a t e  and may w e l l  be due to  mere d i f f e r e n c e s  i n  s o l u b i l ­
i t y  ■ p ro  d u c t  Df t h e  m e t a l - c o l l e c t o r  compounds .  Thus ,  w h e th e r  t h e  
c o l l e c t o r  i s  s u l f h y d r y l  o r  a f a t t y  a c i d  does n o t  seem to  be the  
f a c t o r  c o n t r i b u t i n g  t o  t h e  d i f f e r e n c e  i n  f l o t a t i o n  c h a r a c t e r ­
i s t i c s  w i t h  x a n t h a t e  and o l e a t e .
Reason ( i i i )  does a p p e a r  t o  o f f e r  a p l a u s i b l e  e x p l a n a t i o n .
E v id e n c e  t h a t  x a n t h a t e  does f o r m  a t  t h e  m i n e r a l  s u r f a c e  b u t
( ]  7 )
t h e n  b r e a k s  away was g i v e n  i n  t h e  i n t r o d u c t i o n .  Gaud in  
has  a l s o  shown t h i s  t o  be t h e  case  i n  x a n t h a t e  c o n d i t i o n i n g  o f  
m a l a c h i t e  and a z u r ' i t e :  " I f  m a l a c h i t e  i s  g ro u n d  i n  a p e b b le  m i l l
f o r  a l o n g  t i m e ,  i n  t h e  p r e s e n c e  o f  much p o t a s s i u m  amyl  x a n t h a t e ,
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t h e  m i n e r a l  i s  f o u n d  s u b s t a n t i a l l y  u n c o a t e d ,  w h i l e  t h e  c o a t i n g  
has been r o l l e d  up i n  t h e  f o r m  o f  a - p e b b l e - s i z e d  p u t t y l i k e  b a l l . "  
Th us ,  i t  a p p e a r s  t h a t ,  f o r  same r e a s o n , '  when l e a d  o l e a t e  f o r m s  a t  
t h e  s u r f a c e ,  i t  s t a y s  t h e r e ,  w h i l e  l e a d  x a n t h a t e  does n o t .
T h i s  c o u l d  he a c c o u n t e d  f o r  by t h e  f o r m a t i o n  o f  a n e t w o r k  o f  
• o l e a t e  c h a i n s  a t  t h e  s u r f a c e  by h y d r o c a r b o n  c h a i n  a s s o c i a t i o n .  
C h a in  a s s o c i a t i o n ■w i l l  r e s u l t  i n  a l o w e r i n g  o f  t h e  e n e rg y
f  i  n \
s t a t e  by 0 . 6  K c a l / r n o le / C H ^  g r o u p  i n  t h e  c h a i n .  These c r o s s -
l i n k e d  h y d r o c a r b o n  c h a i n s  w o u ld  t h e n  be bonded  a c r o s s  t h e  
m i n e r a l  s u r f a c e  as w e l l  as t o  t h e  a d s o r p t i o n  s i t e s  on th e  
m i n e r a l  s u r f a c e .  No i n t e r - h y d r o c a r b o n  c h a i n  a s s o c i a t i o n  can 
o c c u r  w i t h  x a n t h a t e  beca use  t h e  c h a i n  i s  to o  s n o r t .
( 2 )  Why t h e  O x id e  Lead ( M in e r a l s  R e q u i r e  H ig h  X a n t h a t e  Concen­
t r a t i o n s f o r  Fl o t a t i o n  when no S u l f i d i z a t i o n i s Em p l o y e d .
The w id e  v a r i e t y  o f  r e a s o n s  s u g g e s te d  i n  answer  t o  t h i s  
q u e s t i o n ,  t o g e t h e r  w i t h  one o t h e r  p o s s i b i l i t y  w h i c h  i s  l i s t e d  
l a s t ,  a re  g i v e n  b e lo w :
( i )  The s o l u b i l i t i e s  o f  t h e  o x i d e  m i n e r a l s  i s  so h i g h  
t h a t  t h e  l e a d  i o n s  i n  s o l u t i o n  p r e c i p i t a t e  a l a r g e  
q u a n t i t y  o f  c o l l e c t o r  i n  s o l u t i o n .
( i i )  The s u r f a c e s  o f  t h e  o x i d e  m i n e r a l s  have  no n a t u r a l  
h y d r o p h o b i c i t y , w h e re a s  th e  s u l f i d e  h a s .
( i i i )  The h i g h  s o l u b i l i t y  o f  t h e  m i n e r a l  r e s u l t s  i n  t h e
f o r m a t i o n  o f  a c l o u d  o f  l e a d  i o n s  a r o u n d  t h e  m i n e r a l
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p a r t i c l e s  so t h a t  t h e  x a n t h a t e  i s  p r e c i p i t a t e d  i n  t h i s  
i o n  c l o u d  and does n o t  r e a c h  t h e  m i n e r a l  s u r f a c e .
( i v )  The o x i d e  m i n e r a l s  may nave  a l a r g e r  s p e c i f i c  s u r f a c e  
t h a n  t h e  s u l f i d e s ,  r e q u i r i n g  t h e  a d s o r p t i o n  o f  more 
c o l l e c t o r  f o r  e q u i v a l e n t  r e c o v e r y ,
( v )  The a d s o r p t i o n  s i t e s  on o x i d e  m i n e r a l s  a r e  more 
w i d e l y  -spaced  t h a n  i n  s u l f i d e s .
( v i )  I n  t h e  case  o f  t h e  s u l f i d e s ,  t h e  l e a d  a to m s ,  t o  w h ic h  
t h e  c o l l e c t o r  b on d s ,  a re  h e l d  s t r o n g l y  i n  t h e  c r y s t a l  
l a t t i c e  by t h e  b o n d i n g  o f  a d j o i n i n g  s u l f u r  a to m s ,  
whe reas  w i t h  the '  o x i d e s  t h e  l e a d  atom i s  h e l d  i n  t h e  
l a t t i c e  by w ea ke r  b o n d i n g  t o  t h e  a d j o i n i n g  c a r b o n a t e  
a n d - s u l f a t e  g r o u p s .
■Reason ( i )  may w e l l  be c o n t r i b u t i n g  f a c t o r ,  f o r  e q u i l i b r i u m
aqueous  l e a d  c o n c e n t r a t i o n s  r e s u l t i n g  f r o m  s o l u t i o n  o f  t h e s e
~S -d
m i n e r a l s  a re  d x 10 f j  i n  t h e  case  o f  c e r u s s i t e  and 9 x ID M
i n  t h e  case  o f  a n g l e s i t e  ( A p p e n d i x  3 ) .  These s o l u t i o n  c o n ­
c e n t r a t i o n s  a p p e a r  t o  h e a r  some r e l a t i o n  t o  t h e  o l e a t e  c o n c e n ­
t r a t i o n s  r e q u i r e d  t o  f l o a t  t h e  m i n e r a l s  ( F i g u r e  6 ) .  However ,  
when c o l l e c t o r s  o t h e r  t h a n  o l e a t e  a re  u s e d ,  c o l l e c t o r  c o n c e n ­
t r a t i o n s  c o n s i d e r a b l y  h i g h e r  t h e n  t h o s e  c a l c u l a t e d  a re  r e q u i r e d  f o r  
good f l o t a t i o n ,  and i t  i s  e v i d e n t  t h a t  some o t h E r  f a c t o r  o f  
f a c t o r s  a re  i n v o l v e d .
T h a t  t h e  s u l f i d e  s u r f a c e  i s  more h y d r o p h o b i c  t h a n  t h o s e  o f
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th e  o x i d e s  may u e l l . b e  so® At  no t i m e  were the. o x i d e  m i n e r a l s
used  f o u n d  to  be n a t u r a l l y  f l o a t a b l e .  H o w e v e r , t h e  n e c e s s i t y  f o r
• a d d i n g  x a n t h a t e  i n  t h e  c o m m e r c ia l  f l o t a t i o n  o f  s u l f i d i z e d  o x i d e
o r e s  i n d i c a t e s  tha t ,  x a n t h a t e  does n o t  i m p a r t  s u f f i c i e n t  hv d r o p n o b i -
c i t y  to:  be used, a l o n e ,  so t h a t  i n  f a c t  i t s  p r i n c i p a l  p u r p o s e  i s
' to  p r o v i d e  a s u r f a c e  on w h ic h  x a n t h a t e  can a d s o r b  and r e m a in
d u r i n g  t h e  f l o t a t i o n  p r o c e s s . '
E x p e r i m e n t s  u s i n g  a h i g h  s u l f a t e  c o n c e n t r a t i o n  i n  s o l u t i o n
o f  a n g l e s i t e  by t h e  a d d i t i o n  o f  a common i o n  ( M o u r e  12)
w o u ld  seem to  i n d i c a t e  t h e  p r e s e n c e  o f  an i o n  c l o u d  s u r r o u n d i n g
th e  m i n e r  e l  s u r f a c e  when no m o d i f i e r  i s  added.  H ow ever ,  t r ie
x a n t h a t e  c o n c e n t r a t i o n  r e q u i r e d  f o r  f l o t a t i o n  i s  s t i l l  h i g h ,
even w i t h  s u l f a t e  i o n s  p r e s e n t .  I n  t h e  cose o f  c e r u s s i t e ,
- 6  4w h ich -  i s  much l e s s  s o l u b l e  t h a n  a n g l e s i t e  (A x ID  M c f .
-A •9 .x 10 H ) , .  i t  i s  d o u b t f u l  w h e t h e r  such an i o n  c l o u d  s u r r o u n d s
t h e  p a r t i c l e s .  F u r t h e r m o r e , ' t h e  n e c e s s i t y  f o r  s u l f i d i z a t i o n  
o f  o t h e r  m i n e r a l s  o f  l o w  s o l u b i l i t y  such as m a l a c h i t e  ( a t  pH 8 ,
o
t o t a l  aqueous  c o o p e r  = 2 x 10 "  M, A p p e n d ix  A) c l e a r l y  i n d i c a t e s  
t h a t  t h e  p r e s e n c e  o f  an i o n  c l o u d  c a n n o t  be u n i v e r s a l l y  a p p l i ­
ed as an e x p l a n a t i o n  f o r ' t h e  n e c e s s i t y  f c r  s u l f i d i z a t i o n .
. F i g u r e  19 shows t h e  e f f e c t  o f  a d d i n g  a common i o n ,  c a r b o n a t e ,  
i n  m a l a c h i t e  f l o t a t i o n ,  i n • w h ic h  a d d i t i o n  o f  t h e  c a r b o n a t e  i o n  
does n o t  p r o d u c e  any r e c o v e r y  h i g h e r  t h a n  t h a t  o b t a i n e d  w i t h ­
o u t  m o d i f i e r  a d d i t i o n .
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Though t h e  o x i d e  m i n e r a l s  may have a h i g h e r  s p e c i f i c  
s u r f a c e  t h a n  have t h e  s u l f i d e s ,  t h i s  i s  a m a t t e r  o f  c o n j e c t u r e  and 
has n o t ' b e e n  i n v e s t i g a t e d .  I t  seems u n l i k e l y ,  h o w e v e r ,  t h a t  
even i f  t h e  o x i d e s  have a l a r g e r  s p e c i f i c  s u r f a c e  t h a t  t h i s  
c o u l d  be v e r y  s i g n i f i c a n t  when t h e  m i n e r a l  p a r t i c l e s  used i n  
t r ie  f l o t a t i o n  t e s t s  were l i m i t e d  to  +270 mesh and the? m a t e r i a l  
mas d s s l i m e d  p r i o r ,  t o  c o n d i t i o n i n g .
I n v e s t i g a t i o n  o f  atom p o s i t i o n s  w i t h i n  t h e  u n i t ,  c e l l s  o f  
PbS, PbSO-. , and PbCO^, (F i c u - r e s  21.  22 ,  and 23)  show a r e r n a r k -  
a b l e  s i m i l a r i t y  i n  t h e  i n t e r - a t o m i c  - s p a c in g  o f  t h e  l e a d  a tom s .
T h i s  i s  c o n t r a r y  t o  t h e  s u p p o s i t i o n  t h a t  t h e  a d s o r p t i o n  s i t e s  
a re  more w i d e l y  sp a c e d  i n  t h e  o x i d e s  as com pared  to  t h e  s u l f ­
i d e s ,  s o . t h i s  c a n n o t  be a f a c t o r  c o n t r i b u t i n g  t o  t h e  h ig h  
x a n t h a t e  r e q u i r e m e n t .
The s i m i l a r i t y  i n  t h e  i n t e r - l e a d  atom d i s t a n c e s  may
e x p l a i n  why t h e  o x i d e  m i n e r a l s  can fo r m  c o h e r e n t  s u l f i d e
r . ,  ( 5 ,  20 ,  21 ,  22)  . , , L „  „  , . .f i l m s  . 1 * end t n a t  t h e  s u r r a c e  o f  a n g l e s i t e  can oe
c o n v e r t e d  t o  t h e  c a r b o n a t e  by c o n d i t i o n i n g  w i t h  a sod ium  c a r b o n a t e
s o l u t i o n  ( F i g u r e s  15 ,  1 6 ,  and 1 7 ) .  The f a c t  t h a t  x a n t h a t e
c o n d i t i o n i n g  t i m e  had to  be l i m i t e d  i n  t h e  case  o f  t h e  A r i z o n a
a n g l e s i t e  w o u ld  a p p e a r  t o  i n d i c a t e  t h a t  t h e  f i l m  was n o t  v e r y
c o h e r e n t ,  t h o u g h  t h i s  e f f e c t  was n o t  e v i d e n t  i n  t h e  C a l i f o r n i a
m a t e r i a l .  C lo s e  r e l a t i o n s h i p  o f  i n t e r - a t o m i c  s p a c i n g  o f  t h e
new l a y e r  t o  t h a t  o f  t h e  o r i g i n a l  s u r f a c e  p l u s  t h e  b o n d in g
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A n g s t ra m s
F i g u r e  2k » E t h y l  x a n t h a t e  ’ a n ia n  drawn an t h e  same s c a l e  
as t h e  p l a t t i n g  o f  a t o m i c  p o s i t i o n s  i n  t h e  
u n i t  c e l l s  o f  t h e r l e a d  m i n e r a l s .
( A f t e r  F i a k r o u s o v ^ ^ }).
be tw e en  a d j o i n i n g  atoms i n  t h e  c a r b o n a t e  o r  s u l f i d e  l a y e r  w i l l  
a l l o w  t h e  l a y e r  t o  bond to  the  o r i g i n a l  s u r f a c e .  I n  c o n t r a s t ,  
t o  t h i s ,  t h e  x a n t h a t e  i o n  ( F i g u r e  2.k) Is- t o o  l a r g e  to  a l l o w  
a d s o r p t i o n  on a d j o i n i n g  l e a d  atoms so t h a t  a c o h e r e n t  l a y e r  
c a n n o t  f o r m .
The f i n a l  r e a s o n  s u g g e s t e d  i n  answer  t o  t h e  p ro b le m
w o u ld  seem t h e  most  v a l i d .  T here  a p p e a r s  t o  be v e r y  s i g n i f i e s :
d i f f e r e n c e  i n  t h e  c a t i o n - a n i o n  b o n d in g  i n  t h e  c r y s t a l  l a t t i c e
o f  l e a d  s u l f i d e  as compared  to  t h a t  i n  t h e  o x i d e  m i n e r a l s 3..
G a len a  i s  p r e d o m i n a n t l y  c o v a l e n t l y  bonded (87  p e r c e n t
c o v a l e n t ,  13 p e r c e n t  i o n i c ,  A p p e n d ix  5 ) ,  w h i l e  t h e  c a r b o n a t e
and s u l f a t e  m i n e r a l s  have a s t r u c t u r e  i n  w h ic h  t h e  a n io n
i t s e l f  i s  h e l d  t o g e t h e r  by l a r g e l y  c o v a l e n t  f o r c e s  w h i c h ,  i n
( 2 3 )
t u r n ,  i s  h e l d  t o  t h e  c a t i o n  by i o n i c  f o r c e s  Thus c a t i o n -
s n i o n  b o n d in g  i n  t h e  s u l f i d e  i s  p r e d o m i n a n t l y  c o v a l e n t ,  w h i l e  
i n  t h e  o x i d e  m i n e r a l s  i t  i s  p r e d o m i n a n t l y  i o n i c .  The b r e a k i n g  
o f  c o v a l e n t  bonds  i s  g e n e r a l l y  s l o w e r  t h a n  t h a t  o f  i o n i c  bonds 
and i t  w o u ld  t h e r e f o r e  s e e m - p o s s i b l e  t h a t  i n  t h e  case o f  t h e  
o x i d e s ,  l e a d  x a n t h a t e  can b r e a k  away more r e a d i l y  f ro m  t h e  min  
e r a l  s u r f a c e  e i t h e r  by a t t r i t i o n  be tween  p a r t i c l e s  o r  p e r h a p s  
because  t h e  e n e r g y  r e l e a s e d  on f o r m a t i o n  o f  t h e  compound i s  
s u f f i c i e n t  t o  b r e a k  t h e  bonds h o l d i n g  t h e  l e a d  atom i n  t h e  
c r y s t a l  l a t t i c e .  I n  t h e  case  o f  t h e  s u l f i d e ,  t h e  l e a d  atoms 
a re  h e l d  i n  t h e  c r y s t a l  l a t t i c e  by c o v a l e n t  b o n d in g  w i t h
a d j o i n i n g  s u l f u r  atoms so t h o t  when x a n t h a t e  bands to  t h e  
m i n e r a l  s u r f a c e  i t  r e m a i n s  t h e r e .
R e v i e w i n g  t h e  e v i d e n c e ,  i t  a p p e a r s  t h a t  t h e  l a s t  e x p l a ­
n a t i o n  b e s t  a c c o u n t s  f o r  t h e  d a t a  a v a i l a b l e ,  t ho u gh  i n  t h e  cas 
o f  a n g l e s i t e , where no common i o n  i s  used  t o  p r e v e n t  t h e  i o n ,  
c l o u d  f o r m a t i o n ,  i t  may be t h a t  i t  i s  t h i s  phonomenon w h ic h  
r e s u l t s  i n  t h e . p a r t i c u l a r l y  p o o r  f l o t a t i o n  c h a r a c t e r i s t i c s  
o f  t h i s  rninera 1 ,
( 3 )  Why C g r u s s l t e  F l o a t s J3et_t_er than  f inq l e s i t e .
S in c e  t h e  s o l u b i l i t y  o f  e n g l e s i t e  i s  g r e a t e r  t ha n  t h a t
o f  c e r u s s i t e , i t  w o u ld  be e x p e c t e d  t h a t  f o r  e q u i v a l e n t  a n i o n
2 -  2 -c o n c e n t r a t i o n  i n  s o l u t i o n  (SO^ o r  CD^ ) ,  h i g h e r  c o l l e c t o r  
c o n c e n t r a t i o n s  w o u ld  be r e q u i r e d  to  f l o a t  c e r u s s i t e  tha n  
a n g l e s i t e .  When d i e t h y l d i t h i o p h o s p h a t e  i s  used  as c o l l e c t o r ,  
a n g l e s i t e  does f l o a t  a t  a l o w e r  c o l l e c t o r  c o n c e n t r a t i o n  t h a n  ; 
c e r u s s i t e ,  b u t  when x a n t h a t e  and o l e a t e  a re  th e  c o l l e c t o r s  
t h e  r e v e r s e  i s  t r u e .  The r e a s o n s  f o r  t h e  r e l a t i v e  f t e s t a ­
b i l i t y  i n  each case  a re  c o n s i d e r e d  f o r  t h e  c o l l e c t o r s  s e p a r ­
a t e l y  .
When f l o a t i n g  w i t h  x a n t h a t e  and o l e a t e ,  t h e  s o l u b i l i t y  
o f  t h e  c o l l e c t o r  compounds as compared  t o  t h o s e  o f  t h e  
m i n e r a l  w i l l  n o t  r e s u l t  i n  t h e  i n o r g a n i c  a n i o n / x a n t h a t e  r a t i o  
h a v i n g  much e f f e c t  on t h e  x a n t i i a d e  o r  o l e a t e .  c o n c e n t r a t i o n
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r e q u i r e d  f a r  f l o t a t i o n  • a t  t r ie  c o l l e c t o r  c o n c e n t r a t i o n s  ro und  
t o  be n e c e s s a r y  f o r  f l o t a t i o n , ,  C e r u s s i t e  f l o a t s  a t  a l o w e r  
c o l l e c t o r  c o n c e n t r a t i o n  t h a n  a n g l e s i t e  because  a n g l e s i t e  i s  
much more s o l u b l e  t h a n  c e r u s s i t e ,  as has been d i s c u s s e d  i n  t h e  
p r e v i o u s  two s e c t i o n s .
W i th  o l e a t e  and x a n t h a t e ,  t h e  h i g h e r  l e a d  c o n c e n t r a t i o n  
i n '  s o l u t i o n  w i t h  a n g l e s i t e  p r i o r  to  c o l l e c t o r  a d d i t i o n  p r e c i ­
p i t a t e s  more o f  t h e  c o l l e c t o r  b e f o r e  c o v e r a g e  o f  t h e  m i n e r a l  
s u r f a c e s  can o c c u r .
When d i e t h y I d i t h i o p h o s p h a t e  i s  used  as c o l l e c t o r , -  t h e  
s o l u b i l i t y  c o n s t a n t  o f  t h e  c o l l e c t o r  compound i n  c o m p a r i s o n  
t o  t h a t  o f  t h e  m i n e r a l s  i s  n o t  v e r y  d i s s i m i l a r ,  and t h i s  r e ­
s u l t s  i n  t h e  i n o r g a n i c  a n i o n / c o l l e c t o r  i o n  r a t i o  h a v i n g  c o n ­
s i d e r a b l e  e f f e c t  on t h e  c o l l e c t o r  c o n c e n t r a t i o n  r e q u i r e d  f o r  
f l o t a t i o n .  T h i s  f a c t  may be seen i n  F i g u r e  10 ,  wh ich ,  shows
t h a t  as t h e  pH i s  i n c r e a s e d ,  w h i c h ' r e s u l t s  i n  i n c r e a s i n g  
2 -CO^ i o n  c o n c e n t r a t i o n ,  h i g h e r  c o l l e c t o r  c o n c e n t r a t i o n  i s  
r e q u i r e d  f o r  f l o t a t i o n .
Th us ,  t h e  r e a s o n  f o r  t h e  r e l a t i v e  f l o a t a b i i i t i e s  o f  
a n g l e s i t e '  and c e r u s s i t e  cannot ,  be a t t r i b u t e d  t o  any one 
f a c t o r  b u t  depends on th e  t r ie  p a r t i c u l a r  f l o t a t i o n  sys tem  
c o n s i d e r e d .
CUIMCLUSIDNS
Answers  t o  t h e  q u e s t i o n s  s e t  i n  t h e  i n t r o d u c t i o n  o f  t h e  
t h e s i s  as d e t e r m i n e d  by t h i s  i n v e s t i g a t i o n  a r e :
( 1 )  t iny a l o w e r  o l e a t e  c o n c e n t r a t i o n  i s  r e q u i r e d  t o  f l o a t  
o x i d e  l e a d  m i n e r a l s  as compared  t o  x a n t h a t e  ( w i t h o u t  
p r i o r  s u l f i d i z a t i o n ) :
( i )  L o n g e r  c h a i n  l e n g t h  o f  t h e  o l e a t e  i o n  i m p a r t s  more 
h y d r o p h o b i c i t y  f o r  e q u i v a l e n t  m o l e c u l a r  a d s o r p t i o n ,
( i i )  C h a in  a s s o c i a t i o n  be tween  o l e a t e  i n n s  may a l l o w  th e  
f o r m a t i o n  o f  a c o h e r e n t  l a y e r  on t h e  s u r f a c e  o f  t h e  
m i n e r a l  w h ic h  w i l l  r e m a in  a t  t h e  s u r f a c e .
( 2 )  hJhy t h e  o x i d i z e d  l e a d  m i n e r a l s  r e q u i r e  h i g h  x a n t h a t e  
c o n c e n t r a t i o n  f o r  f l o t a t i o n  when no s u l f i d i z a t i o n  i s  
e m p l o y e d :
( i )  I n  t h e  case  o f  a n g l e s i t e ,  t h i s  i s  p a r t l y  due to  t h e  
h i g h  s o l u b i l i t y  o f  t h e  m i n e r a l  p r e c i p i t a t i n g  x a n ­
t h a t e  i n  a d i f f u s i o n  b o u n d a ry  s u r r o u n d i n g  th e  
p a r t i c l e s .
£Q
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( i i )  Because t h e  bends h o l d i n g  t h e  s u r f a c e  l e a d  i o n s
o f  t h e  o x i d i z e d  m i n e r a l s  may be r e l a t i v e l y  weak and 
may be e a s i l y  b r o k e n  on t h e  f o r m a t i o n  o f  l e a d  x a n t h a t e ,  
w h e re a s  t h o s e  h o l d i n g  t h e  l e a d  atom i n  t h e  s u l f i d e  
c r y s t a l  l a t t i c e  may be s u f f i c i e n t l y  s t r o n g  to  
p r e v e n t  t h i s  e f f e c t .
( 3 )  why c e r u s s i t e  f l o a t s  b e t t e r  t h a n  a n g l e s i t e ,
The h i g h e r  l e a d  c o n c e n t r a t i o n  i n  s o l u t i o n  when a n g l e s i t e  
i s  t o  be f l o a t e d  as compared  to  c e r u s s i t e  p r o b a b l y  r e s u l t s  i n  
t h e  p r e c i p i t a t i o n  o f  more o f  t h e  c o l l e c t o r  b e f o r e  c o v e r a g e  o f  
t h e  m i n e r a l  s u r f a c e s  can o c c u r .
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APPEf\lDICI£S
Therm o dyn am ic  d a t a  used  i n  t h e  c a l c u l a t i o n s  i n  t h e
( 2R)A p p e n d i c i e s  i s  t h a t  a s s e m b le d  by B a r r e l s  - and C h r i s t  , unJ 
o t h e r w i s e  r e f e r e n c e d .  The v a l u e s  used  a re  l i s t e d  i n  t h e  t? 
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R e a c t i o n  
Pb (EX) ^ = Pb2+ + 2 EX*~
Pb2 '" + H20 . =  PbOH+ + H +
Cu2+ + H20 = CuOH+ + H+
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The C03 c o n c e n t r a t i o n  i n  s o l u t i o n  o f  a s y s tem  open to  t h f  
a tm o s p h e r e  as a f u n c t i o n  o f  pH i s  t h a t  d e r i v e d  by G a r r e t s
r 2 5 ) .C h r i s t ' " 1--" ,  i
. 7O -1 r-. i —9 I
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APPENDI X  1
The S o l u b i l i t y  P r o d u c t s  o f  PbCD^, PbSO^, and PbS,
( 1 )  PbCD3
PbC03 -  Pb2+ + C03 “
G ° r  -  - 5 . 8 1  - 1 2 6 . 2 2  +l<+9.7
’= + 1 7 .6 7  K c a l / m o l e  
+ 1 7 .6 7
LOO n S □ 1 . 3 d4 -1 2 .9A
( 2 )  PbSO^
PbSO, -  Pb2+ + SO2"
G ° r  = - 5 . S I  - 1 7 7 . 3 d  + 1 9 3 . SS
= +10.7** H e a l / m o l e  l o g  Hsp = i l l k Z H
—1 . J04
Hsp = 1D“ 7 - 88
( 3 )  PbS
PbS = Pb + S
G ° r  -  - 5 . 8 1  + 2 1 . 9 6  + 2 2 .1 5
= + 3 8 . 3 0  k c a1/m o 1 e
+ 3 8 .3 0  nr. ,l o g  hsp = = - 2 c , . 1
u i n - 2 8 - 1Hsp = 10
63
and
- 7 . 8 8
T-1.165
APPENDIX 2
G ib b s  F re e  E n e rq y  o f  F o r m a t i o n  o f  P b ( E X ) r, f r o m  PbS and PbSO. •
2  • H
( 1 )  P b ( E X ) 9 -  PbS
PbS + 2 EX" = P b ( E X )^  + S2~
A  S ° r  -  - 1  36A l o o  A  O I  -  l . ^ L A  i ° 9 . hsp p t j (EX)
= - 1 . 3 6 4  l o q  — — —1D~ i b .
-  + 1 5 .5 7  k o a l / m o l e
2 ~ ' k -A ssum ing  an S c o n c e n t r a t i o n  o f  10 ~ M and a EX c o n c e n t r a t i o n
o f  1 0 " £fN:
A  Gr = + 1 5 . 5 7  + 1 .36A  l o g
‘ ' (EX~)
1 0 " ^ ^= + 1 5 .5 7  + 1 .36 A  l o g
10
= + 1 5 .5 7  - 8 . 1 8  
== + 7 .3 9  k c a l / m o l e  
S in c e  A G r  i s  p o s i t i v e  Pb(EX) w i l l  n o t  f o r m .
( 2 )  P b (EX ) n -  PbSO.2 +
PbSO^ + 2 EX" = P b ( E X )^  + SO2 "
A  G ° r  = -1.36*+ l o g  Ksp Pd50A
Ksp Pb(EX)
-1 .361 .  l o  □ m  
1 0 "
= —1 2 . 0 1 . k c a l / m o l e
T - l l b b
2 -  - 3A ssum ing  an SO^ c o n c e n t r a t i o n  o f  10 M and a OX c a n c e n t r a -
-At i o n  o f  10 M: „
( s o f )
A  Or -  - 1 2 . 0 1  + 1 .3SA l o g  — ?
( E X ;
- 3
= - 1 2 . 0 1  + 1 .3 6 A  l o o  — -5-
1 0 ” 8
= - 1 2 . 0 1  + 6 . 8 2  
= - 5 . 1 9  k c a l / m o l e  
S in c e  A  Or i s  n e g a t i v e  PbCEX)^ m i l l  f o r m .
Thus i t  i s  seen t h a t  t h e  s u l f i d e  s u r f a c e  m us t  f i r s t  be 
c o n v e r t e d  t o  an o x i d e  b e f o r e  x a n t n a t e  i o n s  can a b s o r b  on t h e  
m i n e r a l  s u r f a c e .
APPENDIX 3
Aqueous Lead C o n c e n t r a t i o n  i n  S o l u t i o n  'w i t h  PbCC^, and PbSO^ 
p r e s e n t .
( 1 )  PbC03 
2 -The C0_ c o n c e n t r c i t i o n  i n  t e r m s  o f  pH i s  g i v e n  by th e  r e l a t i o n '  
s h i p :
2 -  1 0 - 2 1 * 7 00^  ±u
3 (H + ) 2
2 -A ssu m in g  a pH o f  8 . 0 ,  t h e  C0-, , , . . ,’ r  c o n c e n t r a t i o n  i n  s o l u t i o n  w i l l
be as c a l c u l a t e d  b e l o w :
- 2 1 . 7
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2+  * Fha Pb c o n c e n t r a t i o n  i n  s o l u t i o n  w i l l  depend on w h e th e r  t h e
s t a b l e  s o l i d  phase  i s • c e r u s s i t e  o r  h y d r o  c e r u s ' s i t e .  I f  c e r u s s i t e
2 +
i s  assumed t o  be t h e  s t a b l e  s o l i d  p h a s e , '  t h e  Pb c o n c e n t r a t i o n
i n  s o l u t i o n  w i l l  be as c a l c u l a t e d  b e l o w :
2 j- 2™ - 1 ? . 9 4
PbC03 = Pb + CO^ Ksp- = 10
- 1 2 . 9 4
p . 2+ = ID
. ( C O p
i o " ° ‘ ?
= 10 ■ M
I f  h y d r o c e r u s s i t e  i s  assumed t o  be t h e  s t a b l e  s o l i d  p h a s e ,  t h e  
2 -*-Pb ' c o n c e n t r a t i o n  i n  s o l u t i o n  w i l l  be as c a l c u l a t e d  b e lo w :
Pb_ (DM) (CO* ) n = 3 Pb2+ + 2 D r f  + 2 CO?”b 2 5 2 j> „
A  G ° r  = - 3  x 5 .8 1  - 2  x 3 7 . 6 0  - 2  x 1 2 6 .2 2  +406 .0 '
= ' + 6 0 . 9 3  k c a l / m o l e
+ 6 0 . 9 3  = - 4 4 . 7  
l o g  hsp = n : 3 S t r
- 4 4 . 7
Ksp = 10
, r-,L 2 + N3 10(Pb ) = — ------ - - - - - - — -p
( O H f r C C Q p ^
1 0 - ^ *  • 7
io “ 16 io  11“ Zt
=' i o ” 17* J)
Pb2'*' = 1 0 ” 5 ° 8
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2 +fhe  c a l c u l a t i o n s  show a l o w e r  Pb ' c o n c e n t r a t i o n  w i t h  c e r u s s i t e  
t h a n  w i t h  h y d r o c e r u s s i t e .  Thus c e r u s s i t e  i s  t h e  s t a b l e  s o l i d  
phase*
A t  pM S.D i t  may be assumed t h a t  PbOH i s  the .  d o m in a n t  aqueous 
l e a d  s p e c i e s  and t h a t  t h e  c o n c e n t r a t i o n s  o f  t h e  o t h e r  s p e c i e s  
a re  n e g l i g i b l e  compared  t o  t h e  PbOH‘ c o n c e n t r a t i o n .  (to. C.
( ^ o ) -1
F u e r s t e n a u  and A t a k  show t h a t  PbOH i s  t h e  d o m in a n t '  s p e c i e s
i n  s o l u t i o n  o v e r  a pH r a n g e  7 - 1 0  f o r  a t o t a l  l o a d  c o n c e n t r a t i o n  
□ f  10~^ M) .
The aqueous  l e a d  c o n c e n t r a t i o n  i n  s o l u t i o n  w i l l  t h e r e f o r e  be as 
x a l c u 1 a t e d  b e lo w :
Q *T n
Pb + H^O = PbOH+ + H+ K -  i n ” 0 * -
. n ~ b . 2 2-k
PdOH + = i ------------ U:i3---- i
(H + )
r  n  H o  /
( i g " Dcl~ ) ( i o “ 4 )
I D " 8
-  i o " 5#Mf
= 3 . 6  X 1 0 ~ 6M
Thus t o t a l  l e a d  i n  s o l u t i o n  a t  pH 6 . 0  w i t h  PbCO p r e s e n t  i s
-6
a p p r o x i m a t e l y  ^ x l u  M
( 2 )  PbSO^
A t  oh 8 . 0  i t  mav/ a g a i n  be assumed t h a t  PbOH"1 i s  t h e
do rn i  n an t
7 -1 1 6 5 63
l e a d  s p e c i e s  i n  s o l u t i o n ,  i h u s  t h e  aqueous l e a d  c o n c e n t r a t i o n  i n
s o l u t i o n  may be c a l c u l a t e d  as shown b e lo w :
2a- 2 -  - 7  88
PbSO = Pb + SO, h r  = 10 / , D "
4 4
Pb2+ + H20 = PdOH+ + H+ h r  = 10” 6 * 16
P'bSD^ + H O  = PbDH+ + S02"  + H+ h r  = 10~1 4 " D6
I f  i t  i s  assumed t h a t  t h e  c o n c e n t r a t i o n s  o f  a l l  o t h e r  l e a d  
s p e c i e s  are n e g l i g i b l e , • t h e  PbOH+ c o n c e n t r a t i o n  m u s t  be t h e  same 
as t h e  SO2 c o n c e n t r a t i o n .  L e t  t h i s  c o n c e n t r a t i o n  be X. Thus :
Xz _ . 10~1<>,D6 
(H + )
_ 1D~1 4 ’ 06
- 3 . 0 3/ .  X = 10
.1 PbOH+ = 9 . 3  x 10~ l*
Thus t o t a l  l e a d  i n  s o l u t i o n  a t  pH 8 . 0  w i t h  PbSO^ p r e s e n t  i s
-Aa p p r o x i m a t e l y  9 x 10 *T M.
APPENDIX A
Aqueous Copper C o n c e n t r a t i o n  i n  S o l u t i o n  w i t h  M a l a c h i t e  P r e s e n t .  
2+The Cu c o n c e n t r a t i o n  i n  s o l u t i o n  a t  pH 8 . 0  may be c a l c u l a t e d  
as i n d i c a t e d  b e l o w :
Cu 2 (C 0 3 ) ( 0 H )  = 2 Cu2+ + CO2”  + 2 OH"
T-1165
H  G ° r  -  +2 x 1 5 . 5 3  - 1 2 6 . 2 2 ’ - 2  x 3 7 .6 0
A6 . 0 8  k c a l / m o l e
T , ,  + A 6 . - 0 8  A  "2 Ol o o  h r  = = - 3 3 . 8
, P 2 - . 2  ( 6u )
1 .36A
- 3 3 . 8
(CO2" ) ( O H " ) 2
- 3  3 . 8  10 '
- 5  7  ‘ _ ] ?(10 * )(10 )
__ 10- 1 6 el
p 2+ _ - 3 . 0 5Cu = 10
= 8 . 9 1  x 1 0 " 9 M
A t  pH 8 . 0  CuOH4 i s  a l s o  p r e s e n t  i n  s o l u t i o n
, . 2 - f-  ■ . , .  , , ,t r a n o n  as Lu as m o i c s x e a  o y :
&
Cu2+ + H O = CuOH*1" -i- H+ h ■= 1 0 " 8
Thus t o t a l  c o p p e r  i n  s o l u t i o n  m us t  be t w i c e
i
c a l c u l a t e d ,  i . e . :
. . ' - g
T o t a l  aqueous  c o p p e r  2 - x ( 8 . 9 1  x 10 )
= : 1 . 7 8  x 10~8 ■ M
Thus t o t a l  c o p p e r  i n  s o l u t i o n  a t  pH 8 . 0  u i t i
■ -8i s  a p p r o x i m a t e l y  2 x 10 M.
a t  t h e  some conce r t ”
!
t h e  c o n c e n t r a t i o n
m a l a c h i t e  p r e s e n t
T -1 1 6 5 r-7./u
APPENDIX 5 
I o n i c / C o v a l e n t  B o n d in g  o f  PbS
The d a t a  and. e q u a t i o n  used  i n  t h i s  c a l c u l a t i o n  a re  as g i v e n
r  ( 2 9 )by Evens .
0 ^  5.1° E l e c t r o n e g a t l v i  t y
Pb 1 . 8 ‘ .
S 2 . 5 ’
The p e r c e n t a g e  i o n i c ,  b o n d in g  i s  g i v e n  b y :
P -  16 I Xa ~ X b / . + 3 „ 5  /Xa -Xb |  2
= 16 ( 2 . 5  - 1 . 8 )  + 3 .5  ( 2 . 5  - l . o ) 2
= 16 x 0 . 7  + 3 . 5  x 0 .A 9  
= 1 1 . 2  + 1 . 7  
-  1 2 . 9
Thus t h e  r a t i o  o f  i o n i c  t o  c o v a l e n t  b o n d in g  i n  l e a d  s u l f i d e  i s  
13 /8?, .  and t h e r e f o r e  c o v a l e n t  b o n d i n g  s t r o n g l y  p r e d o m i n a t e s .
T -11.65
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